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Abstract 
This thesis describes a programme of work whose aim was to develop and 
characterise a novel organoclay derived from montmorillonite clay and the 
amphoteric surfactant cocamidopropylbetaine (CAB), a plant oil derivative, 
and to test its compatibility with poly(lactic acid) (PLA). Clay minerals such 
as montmorillonite increase the mechanical and physical properties of 
polymers when well dispersed within the polymer matrix, a condition that is 
more easily achieved when the clay layers are coated with a surfactant such 
as a quaternary alkyl ammonium compound (QAC). 
In the first part of the thesis the structure, purity and thermal behaviour of the 
CAB were characterised and the solubility parameter of the molecule was 
calculated and compared with that of a surfactant used in a commercial 
organoclay. The effects of concentration and pH on the uptake of the 
surfactant by montmorillonite were characterised by analytical and 
spectroscopic methods including X-ray diffraction analysis. The effect of 
surfactant loading on the thermal stability of the organoclay was studied using 
thermogravimetric analysis (TGA). The possibility of a reaction between CAB 
and PLA was also investigated by thermal and spectral methods. 
In the second part of the thesis, composites of the novel organoclay and PLA 
were manufactured by solution casting from chloroform, and melt 
compounding using a torque rheometer. It was found that 
intercalated/exfoliated nanocomposites could be made by either method. The 
biodegradability of the nanocomposites in composting conditions was also 
investigated. 
The study showed that CAB can be used to manufacture organoclays that 
confer useful improvements in the properties of PLA in terms of thermal 
stability and mechanical strength and on this basis merits further study. It 
also showed that organoclays based on CAB are a useful addition to the 
range of tallow-derived organoclays currently available. 
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1 Introduction 
1.1 Background 
1.1.1 The Need for Biopolymers 
Since its inception, the polymer industry has been based predominantly on 
fossil carbon reserves for its feedstock to produce items whose durability was 
considered either to be an advantage or an irrelevance depending on the 
application. More recently there has been a paradigm shift on the part of 
consumers and industry alike so that there is increasing pressure to focus on 
polymers which are derived from sustainable sources and are ultimately 
degradable. This has been brought about by two principal factors: 
appreciation that crude oil is a finite resource, the demand for which is starting 
to outstrip supply, and an increasing appreciation of the environmental impact 
of the accumulation and disposal of polymers, not least of which is the so-
called 'greenhouse effect' caused by the net flow of carbon from fossil 
reserves into the air as carbon dioxide. 
These economic and environmental concerns have propagated interest in 
polymers that are either derived from alternative so-called 'sustainable 
sources'. such as biomass or are biodegradable so that the risks of plastic 
residues in the environment are reduced or removed altogether. Obviously 
such polymers need to perform as well as existing polymers in order to be 
commercially viable. 
One such polymer is poly(lactic acid) (PLA) which is produced by 
polymerisation of lactic acid which can be derived by fermentation of 
carbohydrates, particularly starch. The starch may come from various 
sources and PLA production is currently based on maize in North America 
and sago palm in the semi-tropics. The PLA life cycle is often presented as 
shown in Figure 1. The cycle can be thought of as starting with atmospheric 
carbon dioxide (C02) which is fixed by plants using sunlight as the source of 
the energy required to reduce the carbon dioxide to carbohydrates, including 
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starch, which is the energy storage polymer of many plants. The plant crop is 
harvested and the starch extracted and converted to lactic acid via dextrose 
through fermentation processes. The lactic acid is then polymerised to give 
PLA. This process may be through direct condensation polymerisation or 
more recently via ring-opening polymerisation of the lactide. The resin is then 
ready for conversion into various products. After use, the PLA items can be 
composted under suitable conditions so as to convert the PLA to water and 
carbon dioxide which are released without detriment to the environment\ 
although the concomitant fate of any additives or fillers is rarely considered. 
Composting 
PLA 
Polymerisation 
Lactic Acid 
Photosynthesis 
Plant 
Biomass 
Extraction 
... --------Starch 
Fermentation 
Figure I. Life cycle of PLA production and biodegradation. 
An important part of this cycle is composting, the process that breaks down 
the polymer and returns its carbon to the atmosphere as carbon dioxide. 
Composting is an agronomic process which has been carried out by man for 
many thousands of years in one form or another. The advent of 
biodegradable and compostable materials as well as an appreciation of the 
value of composting as a means of dealing with large volumes of degradable 
waste produced in urban environments has led to more precise definitions of 
compostability as defined by ISOIDIS 170882 and are given in Table 1. 
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Where PLA is concerned, the key phrases in the definition of 'composting' are 
autothermic and thermophilic. 'Autothermic' means that the material being 
composted generates its own heat as a result of the metabolic activity of the 
organisms effecting the composting process while 'thermophilic' means that 
the organisms themselves are tolerant of the high temperatures involved. The 
higher temperatures required are more easily generated if a large bulk of 
material is composted, although a well prepared heap or windrow is capable 
of producing these temperatures if properly managed. 
Table I. Terms relating to compostable materials as defined by ISOIDIS 17088'. 
Compostable A plastic that undergoes degradation by biological processes during 
plastic composting to yield C02, water, Inorganic compounds and blomass 
as a rate consistent with other known compostable materials and 
leaves no visible, distinguishable or toxic residue. 
Composting 
Compost 
The autothermlc and thermophilic biological decomposition of bio 
waste (organic waste) In the presence of oxygen and under controlled 
conditions by the action of micro- and macroorganlsms in order to 
produce compost. 
Organic soli conditioner obtained by biodegradation of a mixture 
consisting principally of vegetable resldues, occasionally with other 
organic material and having a limited mineral content. 
Disintegration The mechanical breakdown of a material into very small fragments. 
Figure 2 shows a composting windrow at the Moelyci Environmental Centre 
in Tregarth, Gwynedd UK. The windrow was composed of shredded garden 
waste, a mixture of grass cuttings, shrub clippings and dead annual plant 
litter, which is delivered to the Centre by clients and is usually deposited in 
plastic bin liners or garden waste bags. Although the operators remove the 
majority of the bags, many residues remain as can be seen in the photograph. 
After composting, the plastic fragments require screening out before the 
compost can be sold to the co-operative's members as 'soil conditioner'. 
Clearly, a biodegradable plastic bag which left no residues would be a distinct 
advantage to the process. This windrow was photographed in September 
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2006 and the middle of the windrow was distinctly warm to the author's hand. 
Measurements made with a digital thermometer had shown the temperature 
of the centre of the pile reached 55°C on several occasions and the operators 
reported good breakdown of the residues with this method. 
Figure 2. Windrow composting of garden waste at Moclyci Environmental Centre, Trcgarth, 
Gwynedd. Shreds of non-compostablc plastic bags can be clearly sccn. 
Some properties of PLA are shown in Table 2 which lists the properties of two 
grades of PLA produced by Natureworks and one produced by Hycail. While 
PLA is a polyester, its physical properties are often compared to those of 
polystyrene although it is useful to compare it also with Poly(ethylene 
terephthalate) (PET) which is a polymer commonly used in food packaging. 
For example, the haze value of PLA (2.2) lies in the range exhibited by PET 
(3-85) which makes it suitable for clear bottles. The tensile strength of PLA 
lies within the range exhibited by PET (55 to 73MPa) while the flexural 
modulus of PLA (3800MPa) is also comparable with PET (2000 to 
15000MPa). Similarly, the flexural strength (83MPa) lies within the range 
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demonstrated by PET (55 to 240MPa). The impact strength of PLA (O. 16J/m) 
is, however, rather low compared to those of polystyrene (2.5 to 20J/m) and 
PET(3 .1-4.2J/m) thus an improvement of some twentyfo ld would be required 
to bring the impact performance of PLA to the level of these two polymers. 
Table 2. Properties o f Na tllrcworks PLA and Polystyrene (adapted from Rudnik l 
Nature Nature Hycai l 
Works® Works® HM1010 
PLA PLA Resin 
General 
Purpose 
Physical Properties 
Melt Flow 10-30 2.4 
(g/10min) 
Density 1.25 1.24 1.24 
(g/cm3) 
Haze 2.2 
Yellowness 20-60 
index 
Clarity Tra ns parent 
Mechanical Properties 
Tensile 53 48 62 
Strength at 
Yield (MPa) 
Elongation at 10-1 00 2.5 3-5 
Yield (%) 
Flexural 3828 
Modulus (M Pa) 
Flex ural 83 
Strength (MPa) 
Notched Izod 0.1 6 
Impact (J /m) 
Thermal Properties 
HOT rC) 40-45 
Glass 55-65 60-63 
Transition 
Temperature 
r C) 
Melting Point 120-170 150-175 
r C) 
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The lower melting point of PLA (120°C-170°C) compared to that of PET (200-
255°C) may, however, be seen as an advantage to polymer converters as 
lower processing temperatures may confer an energy saving. 
The physical properties of PLA make it a potential candidate for many food 
packaging applications such as clams hell containers for salads and fruit 
punnets . For some while, the US-based company NatureWorks, has actively 
marketing its PLA for these packaging applications under the current trade 
name 'Ingeo' but is now extending the application range into clothing and 
other textile products by exploiting the fibre forming properties of PLA. 
Mineral water is also sold in PLA bottles by some companies such as Belu 
(Figure 3) . PLA is also suitable for making more solid articles as shown in 
Figure 4. 
Figure 3 . Mineral water bottles manufactured from PLA3 (image from Belli website). 
Globally, production of PLA is very much in the growth phase of the product 
cycle . In 1994, the Dow company built a PLA production plant in Minnesota 
(US) with an output of 5000 metric tons per year. Demand has grown such 
that the same company in 2001 opened a plant in Nebraska capable of 
producing 140 000 metric tons per yea r4. The projected consumption of 
biopolymers in 2010 has been estimated at 214,400 tonnes per annum of 
which PLA is estimated to make up 41.7%5 (Table 3). 
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Table 3. Global consumption of biodegradable poly mers, by poly mer type, 2000, 2005 and 
forecast for 2010s. 
Pol~mer 2000 2005 2010 As a % of tota l 
X 1000 tonnes 
Starch 15.5 44 .8 89.2 41 .6 
PLA 8.7 35.8 89.5 41 .7 
PHA 0 0.2 2.9 1.4 
Synthetic 3.9 14.0 32.8 15.3 
Tota l 28 .1 94 .8 214.4 100 
Table 4. Current and proj ected European consumption of PLA prOducts, in kilotonnes per 
annum6• 
Product 2008 2015 
Sheet 12-15 90 
Film 8-10 15-20 
Fibre 5-7 10-15 
10-15 
20-50· 10-15 
N/A 
Agricultural film N/A 35 
• This is a combined figure for paperboard , injection moulded products and bottles. 
In Table 4, the current European consumption of various PLA products is 
shown along with the projected consumption for 2015. The biggest projected 
growth is in PLA sheet while consumption of agricultural film is expected to 
grow from a negligible amount in 2008 to 35 kilotonnes in 2015. UK 
consumption of PLA in 2008 was about 33 kilotonnes and it is thought this 
could double by 2015. Projections further ahead are obviously less precise 
but it is thought that a European consumption of 600 kilotonnes by 2025 is 
real istic6. 
The escalation in production has not been without some controversy, mainly 
on two counts: the use of genetically modified (GM) crops and the perceived 
antagonism between crops for food and non-food use?' B While a full debate 
on this matter is beyond the scope of this thesis, it is worth noting that Cargill 
Dow, at the time of writing, assert that the maize (syn . corn) used for PLA 
production is an animal grade variety (No.2 yellow dent field corn) which is not 
used for human consumption and that at full capacity, the Nebraska plant will 
use 0.11 % of the total grain production in the USA9. 
7 
Figure 4. Breakfast beverage bottle, pen and yo-yo manufactured from PLA. 
Although many of the properties of biodegradable polymers are promising , as 
shown in Table 2, some properties are potentially Iimiting10 Among these 
are: low heat distortion temperature (HDT), brittleness, high gas permeability 
and low melt viscosity. Heat distortion temperature is an important polymer 
property in so-called "hot-fill" applications such as preserves and may even 
preclude its use of packaging in sufficiently hot climates where temperatures 
may exceed 40·C. Brittleness in a polymer is a major drawback in food 
packaging because it raises the risk of splinters in the packaged food . High 
gas permeability, particularly to oxygen (02), renders packaged food liable to 
spoiling through free radical induced mechanisms initiated by molecular 
oxygen. However, much of polymer engineering is based on improving 
suboptimal properties to extend the range of applications for a particular 
polymer and most polymer resins are amended with additives of one sort or 
another to tailor their properties as part of the conversion process. 
1.1.2 Composites and Nanocomposites 
Limitations in mechanical properties of individual polymers may be overcome 
by several means, such as polymer blends and composites. Composites are 
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generally a combination of a polymer and a filler, often itself a polymer but 
more often a material such as glass fibre or carbon fibre, although natural 
fibres such as flax, jute and even wool are increasingly receiving more 
attention 11 . An early example of a man-made biocomposite is linoleum, which 
is polymerised linseed oil reinforced with woven linen cloth . The potential 
permutations of polymer and filler give rise to a huge diversity of composite 
materials which are often more useful than their parent polymers . 
In the 2005 series of Reith lectures, Lord Broers remarked upon the progress 
of technology in the 20th century away from the large scale devices of the 
Industrial Revolution in favour of understanding and manipulating materials on 
the molecular scale 12. Much of this has been driven by the quest for ever 
smaller electronic components, replacing the bulky valve transistors of the 
mid-twentieth century with those based on semiconductors. 
Some structures found in nature are nanocomposites : bone is a composite 
with a nanocrystalline hydroxyapatite filler and a complex matrix consisting of 
proteins, collagens and living cells 13 while silk comprises a polyamide 
embedded in a beta-crystallite matrix. Understanding the relationship 
between structure and function of these natural nanocomposites affords a 
route to designing new materials based on the man-made bio-sustainable 
polymers. Indeed, the advances of early man may not have been possible 
had they not exploited the properties of these natural nanocomposites in the 
form of bone tools. 
Marsh in 200311 noted the increasing adoption of nanocomposites and 
cellulose fibre reinforced composites by the automobile industry in 
applications formerly dominated by glass reinforced plastics. In the case of 
the latter, Marsh also noted that current limitations such as thermal 
degradation during processing , excessive uptake of resin and resin/fibre 
compatibility issues are being enthusiastically addressed by both industrial 
and academic researchers. 
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Nanocomposite technology offers a means of engineering polymers to provide 
new materials by extending their properties in desired directions. This is 
significant for the biopolymers industry because there is increasing legislative 
pressure and consumer demand for biodegradable high performance 
materials, particularly in the packaging and automotive sectors . The 
Japanese car company Toyota has been proactively using biopolymer 
nanocomposites and in 2001 launched the 'Raum' concept car, many of 
whose parts were made from nanofiller-reinforced PLA14 
To qualify as a nanofiller, at least one of the dimensions of the filler particle 
must be less than 1 micrometre 15 and particles that fulfil this criterion include 
silica, cellulose fibre , precipitated minerals such as calcium carbonate and 
clay minerals. 
Clay minerals are layer silicates whose microstructure can be conveniently 
imagined as being like a deck of cards held together by electrostatic forces. 
The individual layers are known as platelets and are stacked in a parallel 
fashion, usually with a regular so called basal spacing , (also d-spacing or 
interlayer spacing) which is characteristic of a particular clay mineral when 
measured in standard conditions. This spacing is measured using X-ray 
diffraction analysis (XRDA) . The space between adjacent layers is known as 
the interlayer thickness or gallery spacing such that mineral thickness + 
interlayer thickness = interlayer spacing; see Figure 5. A further discussion of 
this is given in Chapter 2. 
The greatest improvements in clay nanocomposite properties are achieved 
when the clay platelets are completely separated and homogeneously 
dispersed throughout the polymer matrix. However, some improvements can 
still be seen when the nanoclay is merely intercalated by the polymer, i.e. 
some of the polymer has migrated into the gallery spacing, separating the 
platelets and increasing the interlayer spacing as a result. Thus there is a 
series of states ranging from un intercalated to completely exfoliated and 
disorded, some of which are represented in Figure 6, along with the X-Ray 
diffraction trace that would be expected to be seen from such a sample. 
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Figure 5. Schematic structure of a clay mineral , showing the basal spacing and intcrlaycr 
thickness and intcrlaycr cations (Na 1. 
The principal property influencing the degree of intercalation or exfoliation of 
clay minerals by polymers, is the mutual compatibility of the clay mineral and 
the polymer which is dictated by the relative surface energies of the clay 
mineral and the polymer: low surface energies lead to more effective 'wetting ' 
of the clay surface by the polymer. Clay minerals tend to carry a net positive 
or negative charge which gives them strongly polar characteristics and 
therefore high surface energy values relative to the polymer, which precludes 
wetting. This is overcome by first treating the clay with a surfactant that 
serves to compatibilise it with the polymer. The surfactant is generally a 
molecule with a charged 'head' and a non-polar 'tail' and there is a huge 
variety of such molecules. Thus the system of clay-surfactant-polymer can be 
considered in terms of the ionic moiety of the surfactant interacting with the 
charged clay surface and the non-polar tail interacting with the non-polar 
polymer. As polymers can vary in their polarity, success in producing an 
exfoliated nanocomposite therefore comes from selecting a good combination 
of clay, surfactant and polymer. 
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Figure 6. Schematic representation of th e po lymer-clay intercalatio n and exfo liation process. 
Sticks represent the clay tacta ids and pin k stra nds represent the polymer. 
Despite the huge variety of clays and surfactants, the bulk of the reported 
work has been done using montmorillonite and su rfactants based on 
quaternary ammonium compounds (QAC). QACs are positively charged 
compounds which take their name from having four alkyl chains cova lently 
linked to a central nitrogen atom which carries the positive charge. The most 
common method of making the clay-surfactant complex, or organoclay, is to 
first suspend the clay in water and then add the surfactant. The uptake of a 
suitable surfactant is rapid and the reaction complete within a few hours after 
which the organoclay can be harvested by filtration and drying or spray drying. 
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Figure 7. Schematic structure of a clay-alkylammonium complex showin g increased basal 
spacing due to the increased inter layer thickn ess . 
Montmorillonite is widely available in adequate purity around the world while 
quaternary ammonium compounds are easily synthesised from naturally 
occurring oils of which the most common is tallow oil (animal fat)16 The 
'Cloisite®' range of organoclays is manufactured in the US by Southern Clay 
Products Inc and marketed in the UK by Rockwood Additives Ltd . These are 
based on montmorillonite mined in the US and tallow-based quaternary 
ammonium compounds. By varying the alkyl groups in the quaternary 
ammonium compound , the polarity of the organoclay can be engineered to 
tailor its compatibility with different polymers. The chemical structures of the 
surfactants used in some Cloisite® organoclays are shown in Varying the 
surfactant used to produce the organoclay enables the compatibility of the 
organoclay with different polymer matrixes to be tailored by matching the 
polarities of surfactant and polymer as closely as possible . While the 
surfactant content in me/100g of most of these products is close to the cation 
exchange capacity of the original montmorillonite (92me/1 OOg) some products 
such as Cloisite 15A contain excess surfactant. 
Table 5 along with the surfactant content which is conventionally represented 
in milliequivalents per 100g clay (me/100g) where 1 me is equivalent to 
1 millimole of a monovalent ion. 
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Varying the surfactant used to produce the organoclay enables the 
compatibil ity of the organoclay with different polymer matrixes to be ta ilored 
by matching the polarities of surfactant and polymer as closely as possible. 
While the surfactant content in me/100g of most of these products is close to 
the cation exchange capacity of the original montmorillonite (92 me/100g) 
some products such as Cloisite 15A contain excess surfactant. 
Table S. Chemical structure, surfactant cont ent and counterion of so me co mmercia l 
orga noclays. HT = Hydrogenated Ta llow. 
Structure Counter Product Ion Name 
H3C, +' < > Chloride Cloisite 10A /N, 
H3C HT 
H3C, .HT + /N, Chloride Cloisite 15A 
H3C HT 
H3C, ..-HT 
/N, Chloride Cloisite 20A 
H3C HT 
H3C'N+~ Methyl Cloisite 25A / , 
sulfate H3C HT 
HT, +--./ OH 
/--./N, Chloride Cloisite 30B 
HO HT 
Modifier 
Content 
me/100g 
clav 
125 
125 
95 
95 
90 
As tallow oils are derived from animal fats , there may be instances, for 
example in packaging for vegan foods and those produced according to strict 
cultural requirements, where the use of animal products is best avoided. One 
solution to this is to use plant oi l-derived quaternary ammonium compounds 
(QACs). A commonly used QAC is cocamidopropylbetaine or CAB (Figure 8) 
which is derived from coconut oil and is a standard ingredient in personal care 
products . A polymer-clay nanocomposite made using an organoclay based 
on a plant derivative such as CAB therefore would be suitable for a wider 
range of food packaging applications than one based on animal derivatives. 
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Figure 8. Chemical structure of cocamidopropylbctainc. 
There are two features of the cocamidopropylbetaine molecule which 
distinguish it from the QACs commonly used to make organoclays. The first 
is the carboxyl group which gives the molecule a pH- dependent charge and 
the second is the amide group in the alkyl 'tail' of the molecule. It is possible 
therefore that organoclays made with this surfactant would show different 
properties to non-betainic organoclays and also that the pH regime of their 
preparation would be more significant. In its protonated form , the carboxyl 
group would be theoretically capable of forming ester linkages with -OH 
groups such as those at the hydroxyl end of the PLA chains, while the amide 
group is theoretically capable of forming hydrogen bonds with atoms bearing 
lone pairs such as carbonyl and hydroxyl oxygens. There is therefore the 
potential for interaction between the alkyl moiety and the polymer chain in 
addition to the Van der Waal's interaction already operating . 
Although PLA is a polymer with promising environmental and performance 
credentials, it is still considered to be in its infancy17 and as consumers place 
little monetary value on the property of biodegradability'S, PLA and other 
biodegradable polymers must be shown to be competitive on a 
cosUperformance basis when compared with existing oil-based polymers. 
The continuing development of biopolymer nanocomposites with industrially 
significant properties is an important part of achieving this goal. 
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1.2 Aims and Objectives 
The overall aim of this study is to prepare and characterise a novel 
organoclay produced by reacting cocamidopropylbetaine with montmorillonite 
in aqueous medium and to investigate its suitability as a nanofiller for 
poly(lactic acid). The objectives intended to achieve this aim are: 
1. To characterise the surfactant cocamidopropylbetaine, with respect to 
chain length distribution, thermal behaviour and solubility parameter. 
2. To characterise the uptake of CAB by montmorillonite, with particular 
respect to its dependence on surfactant concentration and solution pH . 
3. To investigate the possibility of a reaction between the acid form of 
CAB and PLA at the processing temperature of PLA. 
4. To prepare PLNCABMMT nanocomposites by solution casting. 
5. To determine the optimum processing conditions for preparing 
PLNCABMMT nanocomposites by melt-compounding. 
6. To prepare PLNCABMMT nanocomposites by melt-compounding. 
7. To characterise the nanocomposites by: 
a. X-ray diffraction analysis to observe changes in the basal 
spacing of the organoclay as evidence of intercalation; 
b. Transmission electron microscopy to look for evidence of 
exfoliation; 
c. Differential scanning calorimetry to determine the effect of the 
nanofiller on glass transition temperature and melting point of 
PLA; 
d. Dynamic thermal mechanical analysis to determine the effect of 
the nanofiller on the storage and loss modulus of PLA; 
e. To study the degradation of PLNC30B nanocomposites under 
simulated composting conditions and compare them with pure 
PLA. 
8. Where relevant, to prepare equivalent samples using the commercial 
organoclay, Cloisite 30B, in place of CABMMT to enable a comparison 
to be made with an existing commercial product. 
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1.3 Publications 
The following two papers based on the work described in this thesis have 
been published . 
McLauchlin , A.R. and Thomas, N.L. (2008). Preparation and characterisation 
of organoclays based on an amphoteric surfactant. Journal of Colloid and 
Interface Science 321 (1) 39-40. 
Abstract: 
The uptake of the amphoteric surfactant, cocamidopropyl betaine (CAB) by a 
sodium montmorillonite clay was studied with respect to concentration and 
pH. A series of organoclays was prepared in which the basal spacings were 
found to depend on both parameters. Adjusting the solution pH during 
preparation influenced the adoption of either 1.8 or 2.0 nm spacing , whereas 
the 3.9 nm spacing in the same sample was unaffected. The presence of the 
carboxyl group in the CAB molecule enabled dispersion of the clay at higher 
pH by which means pure organoclays of high spacing could be obtained , 
whereas, without dispersing the clay, rnixed populations were obtained . The 
results indicate the optimum parameters for preparing organoclays of desired 
spacings for use in clay-reinforced nanocomposites. 
McLauchlin, A.R. and Thomas, N.L. (2009) . Preparation and thermal 
characterisation of poly(lactic acid) nanocomposites prepared from 
organoclays based on an amphoteric surfactant. Polymer Degradation and 
Stability 94 868-872. 
17 
Abstract: 
New polymer-clay nano-composites composed of poly(lactic acid) and a novel 
organoclay based on cocamidopropylbetaine (CAB) and sodium 
montmorillonite (MMT) were prepared by solution casting and characterised 
by X-Ray Diffraction Analysis (XRDA) , Transmission Electron Microscopy 
(TEM) and Thermogravimetric Analysis (TGA). A similar series of composites 
based on PLA and Cloisite 30B, a commercially available organoclay, were 
prepared for comparison . The thermal stability of the CAB-MMT organoclays 
decreased with increasing surfactant loading. Experimental organoclays with 
an organic content similar to that of the commercial organoclay were found to 
be of comparable thermal stability. XRDA analysis of the PLA-organoclay 
nano-composites showed that PLA intercalated the gallery space of both 
types of organoclay to similar extents and the increased spacing was 
confirmed by TEM. The thermal stabilities of the PLA-organoclay composites 
based on CAB-MMT were higher than those based on the commercial 
organoclay. 
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2 Literature Review 
2.1 Introduction 
2.1.1 Polymers and Biopolymers 
Biopolymers, biosustainable- and biodegradable plastics are becoming 
increasingly important industrial materials. As all three materials may be 
considered desirable with respect to their impact on the environment, it is 
important in this review to distinguish between what is meant by the terms 
'biopolymer', 'biosustainable' and 'biodegradable'. 
Biopolymers are those that are produced by the metabolic processes of living 
cells. This therefore includes carbohydrates such as cellulose and starch and 
proteins such as keratin and enzymes. Biopolymers are functional materials 
whose structure is essential to their function. Hence, cellulose, or poly(beta-D-
glucose) is a structural polymer whose properties arise in part from its 
crystalline nature. By contrast, starch, or poly(alpha-D-glucose), is an energy 
storage polymer. Both of these biopolymers are exploited by man although 
they may acquire different functions in the process. While starch is an 
important food (energy) source for man, physical or chemical treatments can 
transform it into a useful structural material for packaging applications. 
Chemically modified cellu loses are found in a wide variety of applications, one 
of which is that of viscosity modifier in both non-food and food use even 
though cellulose is not digestible by humans. Some of the most significant 
derivatives are ce llulose ethers such as hydroxyethylcellulose and 
carboxymethylcellu lose (CM C) , which is a good example of .a commercially 
important ionomer derived from a biopolymer. 
For practical purposes , biodegradable materials are those that will be 
degraded completely by the action of micro-organisms such as fungi or 
bacteria. Ray10 defined biodegradable polymers as those that "undergo 
microbially induced chain scission leading to the mineralization (sic)" and also 
pointed out that specific environmental conditions such as favourable pH, 
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humidity and temperature must be met for satisfactory degradation to take 
place. If the material is composed purely of carbohydrates, it will degrade 
ultimately to carbon dioxide and water, which are the end-products of the 
metabolism of any organic material comprising only carbon, oxygen and 
hydrogen. Additional elements may be present as indeed they are in proteins 
(nitrogen, sulphur) or carbohydrates (nitrogen, sulphur, phosphorus). These 
elements are usually assimilated into the microbial biomass. A polymer 
containing these elements may still be fully biodegradable; even more readily 
so because they contain elements which may be rate-limiting in the microbial 
environment. This is especially so for phosphorous. 
Biosustainable polymers can be interpreted as those which are derived from 
renewable resources; a definition which excludes fossil carbon sources such 
as crude oil and coal. Inherent in this definition is the principle that supply will 
always meet demand, a situation which is unlikely ever to obtain in the case of 
fossil carbon. In this category, the family of compounds known as 
polyhydroxyalkanoates have received much attention because they are easily 
produced in quantity by fermentation of carbon-rich substrates by micro-
organisms, in particular bacteria. In this family are the polymers poly(beta-
hydroxybutyrate) or P(3HB) and poly(lactic acid), or PLA. 
The primary carbon source for biopolymers is carbon dioxide, C02, which is 
'fixed' by plants and other autotrophic ('self-feeding') organisms such as 
bacteria into simple sugars which are then polymerised to give cellulose or 
starch, or converted into other biomolecules such as proteins (polypeptides) 
or lipids. For much of the biota, sunlight provides the energy to drive these 
processes through the mechanism of photosynthesis although some 
autotrophs derive energy by facilitating the oxidation of reduced sulfur in 
minerals such as pyrites: even in the darkest cave or the deepest ocean 
trench, there can be found organisms that will fix carbon dioxide. 
Notwithstanding current developments in emulating photosynthesis by 
artificial structures, plant and microbial biosynthesis are likely to remain as the 
most significant source of carbon-based biopolymers for some time. 
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While plants and microbes are the most efficient source of fixed carbon 
precursors for polymer production, further energy is required to extract and 
process the polymers for use. In the production of polylactic acid (PLA), lactic 
acid is first produced by fermentation of a carbohydrate feed stock such as 
maize sugar19. The lactic acid is then extracted and polymerised to give PLA. 
By contrast, poly(hydroxyalkanoates) are produced in vivo by bacteria such as 
Ra/stonia eutropha. The polymer is then extracted with solvents which are 
then recovered. More recently, plants capable of PHA synthesis have been 
developed by genetic manipulation2o. 
These processes were subjected to Life Cycle Analysis (LCA) by workers at 
Oartmouth College and Monsanto21 . They found that production of one 
kilogram of PHA would require 300 percent more energy than the 29 
megajoules required to produce the same weight of polyethylene (PE) (Table 
6). In terms of fossil fuel requirement, one kilogram of PHA would require the 
power generated by 2.65 kilograms of fossil fuel whereas the same amount of 
PE would require 2.2 kilograms, of which only 1.3 kilograms would be used for 
energy production. In their words, "What is gained by substituting the 
renewable resource for the finite one is lost in the additional requirement for 
energy". The result of this LCA contributed in part to Monsanto's decision in 
late 1999 to cease developing PHA production systems. However, realising 
that energy production was the major hurdle in this exercise, these workers 
showed that by burning the corn 'stover' i.e. waste stem and leaf matter and 
using this biomass-derived energy as the power source, the production 
process became energetically viable. The fossil fuel requirement of PLA is 
rather lower (Table 6) and NatureWorks are currently marketing it on the basis 
it requires 30% to 50% less fossil fuel than the equivalent weight of polymer 
derived from hydrocarbon feedstock22. 
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Table 6. Energy required to produce plant-derived and fossil fuel-derived plastics'l. 
Processing Raw Material Total 
Polymer Source Energy Energy Energy 
MJ/Kg Plastic 
PHA Maize 90 90 
PHA Bacteria 81 81 
PLA Bacteria 56 56 
PE Crude Oil 29 52 81 
PET Crude Oil 37 39 76 
Polyamide" Crude Oil 93 49 142 
"The polyamide type was not specified by the authors of this article. 
In 2003 workers at the Cargill-Dow companl published a comprehensive life 
cycle assessment of NatureWorks™ PLA production, comparing with a range 
of thermoplastics on a weight basis, i.e. each parameter was expressed per 
kg of polymer produced. The polymers included: PA 6,6; PA 6; 
polycarbonate, 'cellophane', low density polyethylene, polypropylene and 
poly(ethylene terephthalate). Two scenarios for PLA production were also 
considered, one in which the processing energy was derived from fossil 
carbon sources and one where it was derived from biomass and wind power. 
Part of the analysis considered the fossil energy equivalent of the petroleum 
feedstock used to make the polymers in addition to that used to generate the 
required power. On this basis, all the other polymers consumed more fossil 
energy than PLA production although when the fossil feedstock element was 
discounted, then PET consumed less energy than PLA. If the energy sources 
were biomass and wind power however, the energy consumption of PLA 
production was greatly reduced. This alternative strategy led Cargill-Dow in 
this report to declare an objective to decrease the fossil energy consumption 
from 54MJ/kg PLA to 7 MJ/kg within 5 to 8 years from 2003 with a similar 
objective to reduce greenhouse gases from +1.8 to -1.7kg C02 equivalents/kg 
PLA. 
In 2004, Murphy and Bartle23 published an assessment of the contribution of 
biodegradable polymers to sustainable polymer production. In this they listed 
several major findings: 1) that the LCAs so far published indicated that 
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biopolymers showed particular advantage over petro-chemical derived 
polymers where fossil energy consumption and global warming potential was 
concerned, 2} that the 'eco-profiles' of biopolymers were favourable on 
account of their plant biomass organic carbon content, 3} that disposal at the 
end of life was a significant element of the polymer life cycle for maximising 
the environmental benefit, 4} that biopolymers offered the potential for adding 
value to waste and by-products from other industrial processes. 
A comparative LCA published in 2006, compared three bottled drink 
containers based on PET, aluminium and PLA24. The analysis focused on 
water and energy use as well as the impacts on ozone depletion potential and 
global warming potential (GWP). The authors concluded that the results 
indicated that the indicator values for all three systems were similar when the 
uncertainties in the outcomes were taken into account. This was certainly 
true for the energy consumption of all three systems, which was in the range 
6000-7000MJ per 1000 litres of drink. The water consumption values had 
very high levels of uncertainty, particularly in the case of PLA. The authors 
ascribed this uncertainty to the large number of "cradle to gate" modules in 
the analysis to account for corn growing and corn wet milling operations. 
Although the results would appear to suggest that the PLA system would use 
the most water (3132 litres per 1000 litres of drink compared to 1200 litres for 
PET) the uncertainty also indicated that there was potential for reducing this 
consumption to a value comparable to PET. The median global warming 
potential of the whole life-cycle of the PLA container was 704kg C02 
eq/1000L drink compared to 1094kg for PET. Again the uncertainty in the 
values indicated that considerable reduction in the GWP of the PLA system 
was possible. Interestingly, the GWP of the PLA functional unit was 243kg 
C02 eq while that of the PET functional unit was 639kg C02 eq. This is clear 
evidence of the potential of PLA to bring about reduction of C02 emissions in 
the resin production stage of the polymer industry. 
The impact of biopolymers on packaging and waste management was 
reviewed in 200625. The authors compared the impacts of oil-based and 
biodegradable packaging on waste management operations including 
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incineration, landfill, composting, recycling and re-use, and concluded that a 
suitable application for biodegradable biopolymers was single use disposable 
packaging where the post-consumer waste could be composted in local 
facilities. They also concluded that the success of such an application 
depended on effective collection and treatment facilities and that these were 
important factors in the ultimate success of biodegradable biopolymer 
packaging materials. It was also pointed out that landfill was not a desirable 
disposal method for biodegradable materials because of the potential for 
generation and release of methane by anaerobic microbial metabolic 
processes, ie. 
As opposed to: 
Which is the process of aerobic decomposition. However, the methanogenic 
potential of PLA is far less than that of other commercial biodegradable 
polymers in anaerobic conditions. In a study, samples of PLA, Mater-Bi 
(starch/PE blend), poly(hydroxybutyrate-valerate) (PHBV) and 
poly(caprolactam) were composted in anaerobic conditions according to 
Canadian standard CAN/CSA-Z218-M using Whatman ™ paper as a control. 
The results showed that the methane release was most rapid from the paper 
control, with the PHBV and Mater-Bi showing very similar rates of release. 
The release of methane from PLA by comparison was about one-third that of 
the paper control26• 
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2.1.2 Nanocomposites 
Nanocomposites have many important distinctions from their macro-
counterparts. The filler particle size is several orders of magnitude less, 
giving rise to material with a far greater specific surface area. This results in a 
far greater degree of chemical and physical interaction between the matrix 
and the filler. The general definition of a nanofiller is one whose particle size 
is most conveniently expressed in nanometres15• One consequence of this 
enhanced interaction is the lesser amount of nanofiller required to achieve 
improved properties. Whereas a conventional composite may contain up to 
30 percent by weight of filler, the filler content of a nanocomposite rarely 
exceeds 5 percent, the properties rapidly deteriorating with greater loadings. 
If a mineral filler has been used, the nanocomposite will be less dense than 
the conventional composite of equivalent mechanical properties, giving rise to 
a material of higher specific modulus which is highly desirable. The reinforcing 
effect comes from the high modulus of the platelets relative to the modulus of 
the polymer matrix27• 
Nanocomposites therefore represent an important innovation in synthetic 
material science. On a molecular scale, a nanocomposite can also be 
considered as a polymer in a highly confined environment which enables the 
study of such environments28 by bulk characterisation techniques, such as 
DSC and NMR. It is hardly surprising, therefore, that much work has been on 
these materials to the extent that the task of the reviewer is far from simple. 
Two significant reviews have been published that are relevant to this thesis; 
one on polymer-layered silicate nanocomposites in general29 and a later one 
concentrating on biodegradable polymer-layered silicate nanocomposites 10. 
Some of the improvements in properties that can be achieved are shown in 
the following examples: 
Some important mechanical and thermal properties of acrylonitrile-butadiene-
styrene (ASS) were improved by addition of montmorillonite modified with a 
quaternary alkylphosphonium modifiero, using melt intercalation. The results 
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are shown in Table 7, where it can be seen that addition of organoclay up to 
3% increased the tensile strength while hardness and degradation onset 
temperature were increased up to 5% addition. Elongation was reduced 
drastically by incorporation of 1 % organoclay, although further addition had a 
lesser effect. 
Table 7. Mechanical and thermal properties of ABS-organoclay nanocomposites30• 
Organoclay 
Content (%) 
Tensile Strength Elongation (%) Hardness (mN) Degradation 
Onset ('C) 
o 
1 
3 
5 
(MPa) 
3.9 11 63 
4.1 5 70 
4.5 4.5 75 
3.7 4 78 
375 
378 
378 
382 
PET is a polyester which is used in food packaging and clothing, therefore its 
film strength, gas permeability and fibre strength are important properties 
which are also capable of being modified by organoclay addition. In Table 8 
the effect of an organoclay based on triphenylphosphonium chloride and 
montmorillonite on the ultimate tensile strength, initial modulus and 
degradation onset temperature of PET fibres, are shown31 • In this case, 
ultimate tensile strength was increased by 54% and initial modulus by 86% by 
addition of 3% organoclay while the degradation onset temperature was 
raised from 370°C to 386°C, as shown by thermal gravimetric analysis. 
Table 8. Mechanical and thermal properties of PET-organoclay nanocomposites". 
Organoclay Content 
(%) 
o 
1 
2 
3 
Ultimate Tensile 
Strength(MPa) 
46 
58 
68 
71 
Initial Modulus (GPa) Degradation Onset 
('C) 
2.2 370 
2.9 375 
3.3 384 
4.1 386 
Improvements in f1exural properties and C02 barrier properties were also 
reported using montmorillonite modified with sodium alkylsulfonate, which was 
either intercalated or exfoliated via in-situ polymerisation32• This is a rare 
example of a study where both intercalation and exfoliation can be compared 
for the same materials. It can be seen from the data in Table 9 that f1exural 
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strength and modulus, heat distortion temperature and CO2 barrier properties, 
were all improved more by the exfoliated nanocomposite than by the 
intercalated composite, although the latter did show considerable 
improvements over the pure polymer. 
Table 9. Flexural, thermal and gas barrier properties of PET modified with montmorillonite 
organoclay32. 
Organoclay Flexural Flexural Heat Distortion CO, Barrier 
Content (%) Strength (MPa) Modulus (GPa) Temperature (cm'·cmHg·'.s·') 
(DC) 
0 73 2.3 74 0.3 
2 (intercalated) 106 3.0 82 0.2 
2 (exfoliated) 125 3.5 104 
Some of the most significant improvements in polymer properties have been 
seen with PA-organoclay nanocomposites. The mechanical properties of 
nanocomposites of PA-6 and montmorillonite surface-modified27 with 12-
aminolauric acid were first reported by Kojima33 in 1993. The tensile modulus 
was increased from O.2GPa to O.7GPa with a clay loading of 4.7% wt while 
the heat distortion temperature of the pure PA was increased from 60·C to 
150·C. Interestingly, the crystallinity of the samples was independent of the 
clay content. An identical polymer-clay system was later investigated by 
Weon and Sue27, who studied the effects of clay orientation and aspect ratio 
on the properties. They found that reducing the aspect ratio and degree of 
orientation of the nanofiiler also reduced the shear strength, modulus and 
heat distortion temperature of the nanocomposites, while increasing the 
fracture toughness and ductility. These properties were all improved over the 
original polymer however, irrespective of the aspect ratio and degree of 
orientation. It has been claimed that the notable improvements in properties 
of PA-6/0rganoclay nanocomposites arise from hydrogen bonding between 
the amide groups of the polymer and the oxygens in the silica layer of the 
clay34 although the discussion did not take into account the fact that the 
silicate surface is presumably coated by the alkylammonium modifier. 
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2.2 Biodegradable Polymers 
2.2.1 Poly(lactic acid) 
Poly(lactic acid) (PLA), (see Figure 9), is an aliphatic ester of the poly(2-
hydroxy) type, the most significant other example of which is poly(glycolic 
acid) (PGA). Although these two polymers were discovered in the mid-1950s, 
they were initially disregarded on account of their hydrothermal instability, 
which prevented their use in the injection moulding and extrusion processes. 
In the 1960s, the first use of PGA to make dissolving artificial sutures was 
reported ls. In this application, the sensitivity to water was an advantage and 
thus PGA provided the first practical alternative to denatured collagen. This 
property of in vivo degradability was also demonstrated for poly(L-lactic acid) 
and poly(OL-lactic acid)l6. Consequently PLAlGA copolymers are widely used 
in biomedical applications because of their biocompatibility and range of 
properties obtainable by manipulation of the formulation conditions. 
o 
Figure 9. Structure of poJy(lactic acid) 
Lactic acid, unlike glycolic acid, contains an asymmetric carbon atom and 
therefore has two optically active enantiomers, 0- and L-, (see Figure 10). 
Lactic acid readily forms cyclic esters, or lactides, composed of two lactic acid 
units or dimers. Three optically isomeric lactides are therefore possible: L-
lactide (a dimer of L-Iactic acid); O-Iactide (dimer of O-Iactic acid) and meso-
lactide (a dimer of 0- and L- lactic acid), (see Figure 11). A racemic mixture 
of 0- and L-Iactides may also be obtained. It may also be noted that the 
lactides contain two asymmetric carbon centres. 
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L-Iactic acid D-Iactic acid 
Figure 10. Chemical structures ofL-lactie acid and D-Laetic acid. 
D-Iactide L-Iactide meso-Iactide 
Figure 11. Chemical structures ofD-laetide, L-lactide and meso-lactide. 
The standard production method, fermentation, gives L-Iactic acid, which can 
be racemised to give DL-Iactic acid if that product is desired. Either material 
can be converted to the lactide which is then harvested by recrystallisation. 
The meso-Iactide can be obtained from the DL-Iactide recrystallisation 
filtrate37• 
Polylactic acid may be produced by condensation polymerisation of the free 
acid or by ring-opening polymerisation of the lactide. In this respect there is 
an important interplay between the chirality of the monomer and the 
polymerisation method. Hence, if pure L- or D-Iactic acid are polymerised by 
the condensation method, the products will be poly(D-lactic acid) or poly(L-
lactic acid) respectively; condensation polymerisation of a racemic mixture will 
give a polymer with a random distribution of enantiomers in the chain. The 
important difference with ring-opening polymerisation is that the chain is built 
up by a pair addition mechanism, so that a pair of lactate subunits is added at 
a time. Consequently, polymerisation of L-Iactide or D-Iactide leads to the 
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corresponding isotactic chain structures whereas polymerisation of meso-
lactide leads to a non-random distribution of L- and D- enantiomers. 
The polymer is produced by ring-opening polymerisation of the lactide in bulk 
or in organic solution: the former is preferred in industrial production. The 
process is subject to many factors such as: initiator type and concentration; 
temperature; time; presence of acids and water, and the presence of alcohol 
initiators. In order to achieve high molecular weights it is necessary to 
remove water in order to minimise hydrolysis of the polymer. The initiators in 
common use are generally metals such as tin (in the form of stannous 
octanoate) or zinc (as the powdered metal). The choice of initiator is partly 
dictated by the end-use of the polymer; for biomedical applications, 
biocompatible substances such as zinc are preferred37• Other polymerisation 
catalysts such as lanthanide alkoxides have been reviewed. 
While the crude polymer can be processed, it must be further purified before 
extrusion or injection moulding. Although PLA films can be formed by solvent-
casting methods, the high temperatures required to remove all traces of 
solvent can cause thermal degradation of the product. The optimal 
processing methods for PLA therefore are those that involve low 
temperatures, no solvents and the absence, or controlled presence, of water. 
Free hydroxyacids can also be polymerised by vacuum distillation of water, in 
presence or absence of catalyst, to give oligomers up to 5000 Daltons38 with 
polydispersity of 2. If the distillation temperature is raised above 180°C in 
attempt to obtain higher molecular weights, the product starts to discolour. 
However, by post condensation in organic solution, molecular weights of 
50000 Daltons are achievable39• 
1.1.1.1 Properties of PLA 
The physical, mechanical and thermal properties of PLA along with those of 
PP, PET and PA-B.B and another biodegradable polymer, 
poly(hydroxybutyrate) (PHB), for comparison are shown in Table 10. The 
melting temperatures of PHB and PLA are near to those of PP, while those of 
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PET and PA6,6 are substantially higher. While the glass transition 
temperature of PHB is comparable with that of PP, PLA has a relatively high 
Tg in the same region as PET and PA-6.6, which partly accounts for its low 
biodegradation rate and the higher temperatures required to compost it 
effectively. Wang40 noted that PLA has a very slow rate of crystallisation 
which allows for greater control over its degree of crystallinity. The 
crystallinity is thus highly variable compared to the other polymers in the table 
and much lower values can be obtained. The degree of crystallinity of PLA is 
also highly dependent on the proportions of d- and I-lactic acid in the polymer 
and higher crystallinities are obtained with the more optically pure polymers. 
Comparing the mechanical properties in Table 10, it can be seen that the 
tensile moduli of PHB and PLA are considerably higher than those of the 
synthetic polymers which makes these suitable polymers where stiffness is 
required as less material would be needed for a component. The tensile 
strength values of PLA and PHB are closer to that of PP than either PET or 
PA-6.6 and are therefore weaker. The brittleness of both biopolymers is 
reflected in the very low extension to break values «6%) compared to PP, 
PET and PA-6.6. The glass transition temperature of PLA varies with its 
purity and decreases with increasing D-Iactic acid content (Table 11). The 
melting point of pure L-Iactic acid (184"C) also decreases although the 
polymer ultimately becomes amorphous between 8% and 12.5% D-Iactic acid 
content. 
Table 10. Physical, thermal and mechanical properties of PHB, PLA and some synthetic 
polymers. 
Property PHB~' PLA pp:!!' PEr' PA-6.6~1 
Melting 180 15342 176 267 265 
Temperature 
(OC) 
5842 Glass-Transition 4 -10 69 50 
Temperature 
("C) 
10-5040 Crystallinity (%) 60-80 50-70 30-50 40-60 
Density (g/cm3) 1.25 1.26 0.91 1.39 1.14 
Tensile Modulus 3.5 3.8" 1.7 2.9 2.8 
(GPa) 
5343 Tensile Strength 40 38 70 83 
(MPa) 
443 Extension to 6 400 100 60 
Break (%! 
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Table 11. Comparison of optical purity of PLA with thermal properties" 
% L-Lactate Tg, 'C Tm, 'C 
100 60 184 
98 62 176 
92,2 60 159 
87.5 58 NO 
80 58 NO 
45 49 NO 
1.1.1.2 Degradation of PLA 
PLA is now an established polymer in biomedical applications by virtue of its 
biocompatibility and biodegradability. Both properties are due in part to its 
initial hydrolysis product being lactic acid, which is rapidly transformed into 
pyruvic acid and ultimately to carbon dioxide and water through common 
metabolic pathways. Realisation of the potential of PLA as a 'green' 
packaging polymer came somewhat later, when the focus of research 
switched from highly durable materials to those that would disappear in a 
convenient period of time. 
LDH 
• • 
b 
a 
Figure 12, Interconversion of L-Iactic acid and pyruvic acid by lactate dehydrogenase (LDH)44. 
As poly(lactic acid) is a polyester, it is unsurprising that the main mode of 
depolymerisation is hydrolysis wherein the ester bond is cleaved to give a 
chain terminated with an hydroxyl group and another terminated with a 
carboxyl group. Although such a process can occur in the presence of water 
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alone, it is greatly accelerated by acid or alkaline conditions or the presence 
of catalysts such as enzymes. Of these, the esterases are the most significant 
and living cells produce a great number and variety. 
It is known that the hydrolysis of poly(lactic acid)/polyglycolic acid (PLNGA) 
polymers is catalysed by carboxyl groups. As these are produced in 
increasing number as the hydrolysis proceeds, the process is in effect 
autocatalytic 45. It is not known if this is the case with pure PLA polymers. 
Another feature observed with PLNGA copolymers is heterogeneous 
degradation of larger samples, where the interior degrades faster than the 
surface 37. In addition, larger samples degrade faster than very small or very 
thin samples 37 and this has important implications in both biomedical 
applications and in optimising the biodegradation properties of packaging 
materials. 
Currently PLA is marketed as a 'green' plastic, most notably by the Cargill-
Dow consortium under the name of 'Natureworks,46. The main target 
application is food packaging and recently the US retail chain Wal-Mart 
announced that all clamshell packaging used in its stores would be PLA47. 
However, PLA does have other properties that make it attractive to the 
packaging industry, such as high optical clarity and high stiffness relative to 
cellophane which would allow 'downgauging' of 25% and although its high 
glass transition temperature is a hinderance to its compostability, it also 
makes it suitable for sealed package applications22• 22. 
2.2.2 Polyhydroxyalkanoates 
In 1925, the microbiologist Lemoigne working at the Pasteur Institute in Paris, 
isolated a new polymer48 in a chloroform extract of a Bacillus megaterium 
culture and showed it to be a polyester of 3-hydroxybutyric acid 49.50, thereby 
giving one of the earliest accounts of a polyhydroxyalkanoate. 
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The term polyhydroxyalkanoates is generally used to describe polymers 
derived from 3-hydroxyalkanoic acids (beta-hydroxyalkanoic acids), 
distinguishing them from poly(lactic acid) which is an a/pha-hydroxyalkanoic 
acid. PHA polymers have the generic structure given in Figure 13. 
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Figure 13. General structure of polyhyroxyalkanoates. 
N.B. Rl=CH" C,H" C,H" etc. 
As shown in Figure 13 the length of the alkyl side chain may vary from 1 to 4 
depending on the parent acid. For example poly(3-hydroxybutyrate) gives a 
polymer where the side chain is a methyl group. The polymer of 3-
hydroxyvaleric acid has an ethyl side group. There is a tendency in the 
literature to use trivial names for the acids rather than the IUPAC systematic 
nomenclature, thus poly(3-hydroxybutyrate) is used in preference to poly(3-
hydroxybutanoate) and poly(3-hydroxyvalerate) rather than poly(3-
hydroxypentanoate ). 
There are two important structural differences between PLA and the 
poly(hydroxyalkanoate) polymers. The first is that the ester linkages in PHA 
polymers are separated by two carbon atoms as opposed to one in the case 
of PLA. The second is the possibility of extended alkyl side chains in the PHA 
polymers. These confer plasticity on the polymer and offer the possibility of 
tailoring the polymer properties by varying the side chain length. The 
molecular weight of microbial P(3HB) is in the range 105_106 Daltons and the 
polymer is usually more than 50% crystalline with a well defined crystal melt 
temperature around 180·C. 
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P(3HB) is produced and stored as granules of diameter 0.3 to 1.0j.Jm in the 
cytoplasm of cells of many prokaryotic micro-organisms (bacteria, 
cyanobacteria) either as a carbon and energy reserve, when carbon is freely 
available but other nutrients are limited, or as a sink for reducing equivalents 
when oxygen is Iimited41 . Stored PHA may comprise between 30 to 80% of 
the dry weight of the ce1l41 . In the environment, microbes produce a range of 
copolyesters of 3-hydroxyalkanoic acids. These have been found in sewage 
sludge51 , marine sediments52 and marine and freshwater cyanobacteria53. 
2.2.2.1 Production 
A good example of a commercially produced PHA copolymer is Biopo/, which 
is a copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate, P(3HB-co-3HV). 
This is produced on industrial scale by the bacterium A. eutrophus growing on 
propionic acid and glucose, in a controlled fermentation process developed by 
Holmes at IC154. Since this initial patent in 1981, many variations of the 
process have been developed to produce PHAs from alternative substrates. 
For example, Skraly55 decribes transgenic organisms capable of producing 
homopolymers of 3-hydroxypropionate or 3-hydroxyvalerate as well as their 
copolymers by the enzyme catalysed conversion of diols such as 1,2-
propanediol, 1,3 propanediol and more interestingly, glycerol, which is a by-
product of the biodiesel process. The PHA polymers are readily recovered 
and industrially useful as polymers or as starting materials for a range of 
chemical intermediates including 1,3-propanediol, 3-hydroxypropionaldehyde, 
acrylics, malonic acid, esters and amines55. The genetic technologies 
available for improving PHA yields from fermentation processes were 
reviewed in 2003 by Reddy et a156. 
Another patented method involves first subjecting spent vegetable oil to a 
short anaerobic treatment to convert the oils to organic acids followed by 
separation of the acids from the sludge and fermenting them with a hydrogen 
bacterium to produce poly(hydroxyalkanoic acids)57. This procedure offered 
a means of disposing of a problematic waste by converting it to a useful 
product. 
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Very recently, workers have reported the principle of producing styrene 
monomer by pyrolysis of waste polystyrene and using this as a substrate for 
polyhydroxyalkanoate production by Pseudomonas putida58• However, they 
did not offer any comparison with the simple alternative of using the 
regenerated styrene for further polystyrene production. 
2.2.2.2 Limitations 
The onset of thermal degradation of PHA is close to its melt temperature, 
which can impose limits on its commercial application. This has led 
investigators to study other polyhydroxyalkanoates such as poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), in the search for a more 
thermally stable polyhydroxyalkanoate. Another limitation is the slow 
crystallisation rate which for example can make film forming difficult. 
2.2.2.3 Applications 
A distinguishing feature of polyhydroxyalkanoates is their biocompatibility, 
particularly of the short-chain polymers (3-HB) and PHBV, demonstrated by 
Gogolewski et al in 199359• This coupled with their thermoplasticity enables 
the manufacture of articles such as bone implants, which do not cause 
inflammatory reactions and the associated risk of rejection, as shown by Saito 
et a/ 60• 
Early commercial applications of PHAs included packaging films for bags and 
paper coatings as well as a variety of disposable items such as razors, 
hygiene products as well as cosmetic packaging. PHA is also a useful 
feed stock for producing pure R-3-hydroxybutyric acid used in the production 
of the anti-glaucoma drug 'Truspot', manufactured by Merck56• 
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2.2.2.4 Biodegradability 
PHAs are storage polymers that provide a rapidly available intracellular 
carbon source, thus they are readily hydrolysed by endo- and exoesterases. 
Reddy56 stated that the main enzyme involved is PHB depolymerise, which is 
an extracellular endohydrolase identified in organisms such as Bacillus 
megaterium, an extremely common soil bacterium. 
As these enzymes are produced extracellularly by many soil organisms, these 
are rapidly biodegraded in the environment with up to 85% degradation in 
seven weeks being reported61 • 62. Johnstone reported the degradation of PHA 
within 254 days in a freshwater lake where the temperature remained less 
than 6°C62• 
2.3 Nanofillers 
2.3.1 General Description 
A nanofiller can be considered as the defining component of a 
nanocomposite. Many of the desirable properties of a nanofiller are similar to 
those of micro- and macrofillers. The nanofiller's surface chemistry should be 
conducive to a strong interaction between it and the polymer matrix; 
alternatively it should be capable of chemical modification to achieve this. 
The purpose of chemically modifying a filler is to match its surface energy with 
that of the matrix polymer, so that a good wetting is obtained63• Strong 
polymer-matrix interactions ensure a good dispersion of stresses throughout 
the composite. The density should ideally be low so that the overall 
nanocomposite density is also low so as to give high specific mechanical 
properties. The mechanical properties of the nanofiller are difficult to measure 
directly15 although techniques such as atomic force microscopy have been 
used 64.66. The role of the nanofiller is to confer desirable mechanical 
properties or to enhance those of the matrix. As with conventional fillers, the 
aspect ratio is an important parameter as a high value ensures that stresses 
are distributed evenly throughout the matrix. 
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The majority of research has focused on four materials: carbon nanotubes67, 
ultrafine layered titanate6B, cellulose whiskers69-79 and layered silicates 10,63, BO-
BS, with the final two comprising the main research into biopolymer 
nanocomposites. To date it has been reported that layer silicate biopolymer 
nanocomposites show improvements in barrier propertiesB6, flame 
resistanceB4, thermal degradation, solvent uptake and biodegradabilityB7, 
The development and characterisation of polymer/layer silicate 
nanocomposites is a research area that has received much recent attention. 
The earliest reviews of the subject were an eighteen-page paper published in 
199963 and a 102-page review published in 200334• Two years later, Ra/o 
published an updated review of similar length. Inspection of the 
bibliographies indicates the growth of publication: LeBaron63 cites 54 
publications; four years later34 Ray was able to cite 460. 
2.3.1.1 Layer Silicates 
Clay minerals are hydrothermal minerals formed by alteration of existing 
minerals or by the precipitation of dissolved aluminium, silicon, iron and 
magnesium hydroxides, which in tum are the products of chemical weathering 
of rocks. They are thus termed secondary minerals and constitute some 40% 
of the minerals in sedimentary rocks. 
The basic unit of the layer silicate comprises two subunits. The first is the 
tetrahedral silica sheet composed of siol- tetrahedra, each sharing three of 
its oxygen atoms with neighbouring tetrahedra. The shared oxygens are all in 
the same plane and the arrangement is such that six-membered rings are 
formed. The remaining oxygens at the tips of the tetrahedra are all orientated 
in the same direction. The second subunit is an octahedral sheet. Here a 
layer of aluminium (gibbsite) or magnesium (brucite) ions is octahedrally co-
ordinated between two layers of hydroxyl ions. The arrangement of the 
tetrahedral and octahedral layers is such that the oxygens at the tips of the 
tetrahedra project into the octahedral layer, replacing two thirds of the 
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hydroxyls. This is discussed in more detail in section 2.3.1.1.1. Variations on 
this basic structure give rise to an immense variety of clay minerals. Slight 
discrepancies in the band lengths and angles in the two layers produce 
distortions in the ring structures in the silicate layer and also cause the 
sandwich layers to become curved. The layer thickness is of the order of 1 nm 
while the length & width range from 30nm to several microns, giving high 
aspect ratios, which are desirable in nanofillers. 
The whole arrangement would theoretically give an electrically neutral 
structure but for the phenomenon of isomorphic substitution, whereby an ion 
is substituted by another of similar size. Ionic radii are shown in Table 12. 
Hence in the tetrahedral layer, Si4+ can be replaced by A13+ and in the 
octahedral layer A13+ can be replaced by Mg2+ or Fe2+ whereas in Brucite, Lt 
may replace Mg2+. This gives the layer a net negative charge which is then 
balanced by accompanying cations, known as exchangeable cations. The 
value of the charge is generally expressed in the non-SI units of 
milliequivalents per 100g (meq/100g), where one milliequivalent may be 
considered synonymous with one millimole of hydrogen ion. The common 
exchangeable cations are sodium (Na+), potassium (K+), calcium (Ca2+), 
magnesium (Mg2+), aluminium (AI3+), iron (Fe2+) and protons (H+). These 
exchangeable cations contribute to the fertility of soils and much of soil 
science is devoted to their study and measurement. The behaviour of 
potassium is somewhat unique. It can be seen in Table 12 that the ionic radii 
of oxygen and potassium are very similar which would tend to favour a stable 
close packed arrangement of potassium between the oxygen layers of 
adjacent tetrahedral layers and serves to explain why potassium is so strongly 
retained by some clay minerals. 
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Table 12. Ionic radii of elements common in silicate clays and an indication of which are found 
in the tetrahedral and octahedral layers 88. 
Ion Radius (A) Found in 
Si4+ 0.41 Tetrahedral layer 
AI" 0.50 Octahedral layer I Tetrahedral layer 
Fe3+ 0.64 Octahedral layer 
Mg" 0.65 Octahedral layer 
Zn2+ 0.70 Octahedral layer 
Fe2+ 0.75 Octahedral layer I Exchange sites 
Ca2+ 0.94 Exchange sites 
Na' 0.98 Exchange sites 
K' 1.33 Exchange sites 
0" 1.45 Both Layers 
Table 13. Variation of montmorillonite-beidellite composition based on analysis of 101 samples 88. 
Species Mean Range 
SiO, 59.5 51.2 - 65.0 
AI,O, 21.9 15.2 - 34.0 
Fe,O, 3.8 0.0 -13.6 
FeO 0.2 0.0 -1.6 
MgO 3.6 0.1-7.4 
CaO 1.2 0.0 -4.2 
Na,O 0.8 0.0 - 3.7 
K,O 0.3 0.0-1.8 
TiO, 0.3 0.0-2.9 
H,O 8.4 5.2 -13.8 
The range of known clay minerals arises from permutations of the 
combination of tetrahedral and octahedral layers, giving rise to four major 
groups. The structure and properties are summarised as follows: 
2.3.1.1.1 Diphormic Layer Silicates 
1: 1-type minerals have a basic structure of one tetrahedral and one 
octahedral layer joined by the shared oxygens as previously described. 
These pairs of layers are then stacked in layers, hence the term layered 
silicate (Figure 14). Hydrogen bonding between the planar oxygens of the 
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tetrahedral layer and the hydroxyls of the octahedral layer hold the units 
together. The most well known example is kaolinite although hal/oysite, 
anauxite and dickite are other common examples. There is little isomorphous 
substitution and therefore a low surface charge, with a resulting low cation 
exchange capacity. Such minerals therefore do not expand appreciably when 
wetted. However, such minerals will adsorb polar molecules such as urea 
and dimethyl sulfoxide (OMSO) and this feature is used as a diagnostic tool in 
X-ray diffraction analysis. Crystals of kaolinite are typically hexagons of 
diameter up to 5 Ilm although most are in the range 0.2-2 microns. The low 
expansivity and large size results in a low specific surface area. 
@)HYfiroXYIS 
eA,umlnums 
eOSllicon, 
Figure 14. Schematic structure of kaolinite showing the single tetrahedral silica and octahedral 
alumina layers 89. 
2.3.1.1.2 Triphormic Layer Silicates 
The basic unit of triphormic or 2: 1-type minerals is an octahedral layer 
between two tetrahedral layers, in which the apical oxygens of both layers are 
oriented into the octahedral layer. The 2:1 minerals fall naturally into two 
major categories: expanding and non-expanding. Expanding minerals fall into 
two groups: the montmoril/onite group, which includes beidellite and saponite, 
and the vermiculite group. 
The expansion of 2:1 layer silicates arises from two features. Firstly, there is a 
weak attraction between planar oxygens of adjacent tetrahedral layers c.f. the 
strong hydrogen bonding in 1:1 minerals. Secondly, water molecules and 
cations are able to penetrate the interlayer space, which then varies with the 
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size of the ion and its associated hydration shell. In montmorillonite, the 
isomorphous substitution is predominantly found in the octahedral layer with 
magnesium replacing some of the aluminium, resulting in its characteristic 
high negative charge and cation exchange capacity, see Table 14. This 
combination of expandability and high cation exchange capacity makes 
montmorillonite appealing to materials scientists, because it permits the 
inclusion of organic cations such as alkylammonium compounds, which can 
act as compatibilisers, promoting the interaction between the polar silicate 
surfaces and non polar polymers. 
In the vermiculite group, the octahedral layer may be dominated by 
magnesium rather than aluminium so that three divalent magnesium ions 
substitute for two trivalent aluminium ions, hence electrical neutrality is 
maintained in this layer. However, vermiculites have very high negative 
charges because much of the silicon has been replaced by aluminium. The 
negative charge is neutralised mainly by magnesium ions and water 
molecules are also strongly adsorbed, acting as bridging molecules between 
the unit layers so that vermiculite minerals do not show the same degree of 
swelling as the montmorillonite group, although their cation exchange 
capacities are generally greater. 
The illite minerals are the most important group of 2: 1 non expanding layer 
silicates. In these minerals, isomorphic substitution is in the tetrahedral layer, 
with some fifteen percent of the silicon replaced by aluminium giving a very 
high surface charge, which is countered mainly by potassium ions which are 
so strongly held between the tetrahedral layers so that expansion is limited. 
This comes about because the ionic radius of K+ is such that it fits optimally 
between the oxygens in the adjacent tetrahedral layers. Although their high 
charge should theoretically enable a greater amount of organic cation to be 
intercalated than is the case with the smectite clays such montmorillonite, 
displacement of the intercalated potassium is difficult. 
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Figure 15. Crystal structure of rnontmorillonite showing an alurnina layer sandwiched between 
two silica layers89• 
2.3.1.1.3 Other Layer Silicates 
In 2:2 layer silicates, the structural unit comprises a 2:1 layer alternating with 
a brucite [Mg(OHhl layer. Chlorites, which are the most common mineral in 
this group, have an octahedral layer dominated by magnesium so that the 
structure, in effect, comprises alternating tetrahedral and octahedral sheets. 
Chlorites have cation exchange capacities similar to those of iIIites and with 
little water absorption between the layers, they demonstrate a low capacity for 
expansion. 
Table 14. A comparison of the properties of 1:1 and 2:1 clays". 
Type of Clay 
Property Montmorillonite lIIite Kaolinite 
(2:1 Expanding) (2:1 Non-expanding) 1:1 
Size (~m) 0.01 -1.0 0.1-2.0 0.1 - 5.0 
Shape Irregular flakes Irregular flakes Hexagonal crystals 
Specific Surface 700- 800 100 - 120 5- 20 
(m'/100g) 
Cohesion High Medium Low 
Cation exchange 80 -100 15-40 3-15 
Capacity (me/100g) 
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2.3.1.2 Compatibilisers used in Layer-Silicate Nanocomposites 
2.3.1.2.1 Alkylammonium Compounds 
As previously discussed, isomorphous substitution in the tetrahedral and 
octahedral layers of clay minerals confers a permanent negative charge which 
is balanced by inorganic cations such as sodium, potassium and calcium. 
Organic cations may also perform this role as observed by Lloyd9o, who in 
1916 reported the uptake of alkaloids from aqueous solution by Fuller's earth. 
Investigations by Gieseking et aft established that a number of organic bases 
and proteins were capable of replacing exchangeable cations from clays with 
a concomitant increase in the basal spacing of the montmorillonite samples as 
shown by X-ray diffraction analysis, thus providing some of the earliest 
evidence of intercalation. They also noted that the spacing was insensitive to 
the water content of the sample and that there was little correlation to the size 
of the organic species intercalated. 
Since this pioneering work in the 1930s, further research has yielded much 
information of relevance to the study of polymer-clay nanocomposites. For 
example Hendricks showed that larger alkaloids failed to replace all the 
exchangeable cations from clay surfaces and postulated that the large 
molecule shielded some exchange sites. This study also led to the 
hypothesis that such molecules are held on the clay surface by a combination 
of electrostatic and coulombic forces92• This double mechanism leads to the 
phenomenon observed by Grim et al93 who reported that the uptake of ions, 
such as ethyldimethyloctadecenylammonium ion, exceeded the measured 
cation exchange capacity of the clay, the excess being held by the van der 
Waals forces alone. 
There is much interest in the organisation of adsorbed species. Early theories 
such as that given by Theng94, proposed that long chain alkylammonium 
cations adopted an extended conformation on the clay surface so that the 
alkyl chain is inclined at a high angle to the silicate surface. Jordan95 reported 
that the increase in basal spacing was stepwise with respect to increasing 
loading of n-alkylammonium ion. Thus for C1-C10, the basal spacing of 
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montmorillonite was 1.36nm and increased to 1.76nm for C11-C18. This 
phenomenon was explained in terms of the n-alkyl chain lying parallel to the 
silicate surface with a single alkyl layer obtaining for C1-C10 and a double 
alkyl layer for C11-C18. These structures were later refuted by Vaia and 
Teukolski96 following detailed FTIR investigations. In the alternative model, 
. the alkyl chains adopt increasingly liquid-like conformations with increasing 
chain length or temperature. This newer model also allowed for longer chain 
lengths adopting liquid crystalline characteristics. A comprehensive summary 
of research up to 1974 was published by Theng94 . 
Replacing the exchangeable cations with alkylammonium ions lowers the 
surface energy of the clay surface34. This is essential for the successful 
production of polymer-clay nanocomposites as it enables the wetting of the 
silicate surface by the polymer. 
2.3.1.2.2 Betaines 
Betaines are zwitterionic compounds produced by marine and terrestrial 
plants in response to the osmotic stresses imposed by saline environments. 
The simplest compound is glycinebetaine, see Figure 16a, which is produced 
in quantity by plants such as sugar beet. The compound possesses both a 
carbonyl (-CaOH) group and a quaternary ammonium (Me3N-) group and 
therefore can be negatively charged, positively charged or electrically neutral 
depending on the environment pH. A derivative, cocamidopropylbetaine 
(Figure 16b) is used as a surfactant in personal care products. Marine plants 
produce betaines based on sulfur rather than nitrogen. 
a 
a b 
Figure 16. Structure of glycinebetaine (a) and cocamidopropylbetaine (b) 
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The carboxyl group is useful in preparing epoxy nanocomposites because it 
offers the possibility of catalysing the epoxidation reaction. In 2002 Ch en and 
Yang97 reported the intercalation of difunctional compounds such as 
[H3N(CH2)sCOOHr and [H3N(CH2)11COOHr into sodium montmorillonite by 
displacement. They compared the uptake with that of diamines of equivalent 
chain length and found that the carboxy-amino compounds displaced less 
sodium than the diamines, although the gallery spacing was greater with 
[H3N(CH2)l1COOHr (17.8A) than with [H3N(CH2)12NH2r (13.8A). Although 
the authors reported a nanocomposite made by the in-situ polymerisation of 
epoxy monomer containing dispersed montmorillonite intercalated with an 
alkylamine, composites using the difunctional compounds containing both 
amino and carboxyl groups were not reported. 
However, using the surfactant cocamidopropylbetaine (fig. 1 b)98, gallery 
spacings of 4.0nm were obtained and fully exfoliated epoxy-montmorillonite 
nanocomposites were obtained, in which the betaine had a catalytic effect on 
the resin curing as shown by the faster disappearance of the epoxy ring with 
increasing clay loading. The glass transition temperatures of the fully 
exfoliated nanocomposites were 20·C higher than that of the neat resin. The 
authors postulated two effects: the first being the chemical linkage between 
the betaine and the epoxy resin which partially confined the segmental motion 
of the extragallery polymer and the second being the greater degree of curing 
obtained in the presence of the betaine leading to greater cross-linkage and 
therefore more constraint on the segmental motion. 
In a later publication99, it was shown that the thermal stability of the 
composites increased with filler loading up to 6% filler then decreased as 
more filler was added. This effect was correlated with the dispersion state of 
the montmorillonite in the resin matrix; at loading below 8phr the 
nanocomposite filler was exfoliated and the retardant effects were maximal. 
At higher loadings, an exfoliated/intercalated structure obtained which was 
less effective at stabilising the nanocomposite. 
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The carboxyl group in the betaine molecule affords the possibility of 
esterification with hydroxyl groups of compounds such as lactic acid, leading 
to a direct chemical linkage between poly(lactic) acid and layer silicates. To 
date, this has not been reported although betaine esters of starch have been 
prepared by reacting the betaine acyl chloride with starch in anhydrous 
conditions 100. The authors of this report considered the starch betainates to 
be more environmentally friendly than the current cationic starches used in 
paper manufacture because they were produced entirely from biodegradable 
precursors. 
2.3.1.3 Cellulose Nanofillers 
The quest for totally biodegradable nanocomposites naturally demands the 
evaluation of cellulose fibres as a nanofiller. It is an abundant natural 
polymer, the bulk of which is synthesized by plants although bacterial 
cellulose is of commercial interest and also the highly crystalline cellulose, 
tunicin, produced by some sea animals. Thus the perceived advantages over 
mineral fillers are: abundance and therefore low cost, sustainability of 
production, carbon neutral life cycle and reduced tool wear during processing 
101. Most of the exploited plant cellulose is produced by trees, see Table 15, 
with several non-woody plants providing significant amounts. Another 
significant source of cellulose fibres are agricultural wastes such as straw 
wastes, seed husks (including coffee and sunflower) and bagasse, the 
residue from sugar cane processing. 
Cellulose is a structural carbohydrate based on a linear polymer of beta (1,4)-
D-glucopyranose subunits. The pyranose rings are maintained in the chair 
conformation, see Figure 17, by the equatorial arrangement of the hydroxyl 
groups which maximises the extent of hydrogen bonding and minimises the 
flexibility of the chains. This is in contrast to the a/pha-(1,4) linkage in 
amylose which is a more flexible molecule. The hydrogen bonding in 
cellulose la (the native form of cellulose) is characterised by intra-molecular 
(03-H->05' and 06->H-02') and intra-strand (06-H->03') hydrogen bonds. 
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These have the effect of holding the network flat with the result that the 
hydrophobic ribbon faces stack (although there is no hydrogen bonding 
between sheets) giving rise to crystals of such stability that water does not 
penetrate and the crystal is not water-soluble. Stronger solvents such as 
aqueous N-methylmorpholine-N-oxide (NMNO), CdOlethylenediamine 
(cadoxen), LiCIIN,N'-dimethylacetamide or near supercritical water are 
required to dissolve cellulose. However, amylose is soluble in hot water. 
In wood, the degree of polymerisation (DP) is around 10,000 although the 
process of pulp production typically reduces this to around 2000. For 
commercial purposes, the cellulose may be hydrolysed further to a DP of 200, 
an example of which is marketed under the trade name 'Avicel'. 
Table 15. Commercially important cellulose fibre sources l02• 
Fibre Source Species World Production (10' tonnes) 
Wood (>10000 species) 1,750,000 
Bamboo (> 1250 species) 10,000 
Cotton lint Gossypium sp. 18,450 
Jute Corchorus sp. 2,300 
Kenaf Hibiscus cannabinus 970 
Flax Linum usitatissimum 830 
Sisal Agave sisilana 378 
Roselle Hibiscus sabdariffa 250 
Hemp Cannabis sativa 214 
Coir Cocos nucifera 100 
Ramie Boehmaria nivea 100 
Abaca Musa textiles 70 
Sunn Hemp Crorolaria juncea 70 
Cellulose may be amorphous or crystalline and as with most polymers, the 
degree of crystallinity affects the physical properties. Several crystalline 
states, or allomorphs, are possible of which two (cellulose I and cellulose 11) 
are of most significance. Cellulose I is derived from plant fibres by dissolution 
of associated polymers such as lignin, hemicellulose and pectin. Structural 
analysis shows the cellulose chains in cellulose I to be parallel in alignment. 
Cellulose 11 is obtained by various chemical treatments of cellulose I, which 
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gives rise to a crystal structure with antiparallel chains. This will be discussed 
later in this section. 
H H H H 
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Figure 17. Structure of cellulose, showing the beta-(I,4) linkage, the cellobiose subunit and the 
equatorial arrangement of hydroxyl groups resulting from the chair conformation of the 
pyranose ringlOJ. 
The mechanical properties of cellulose generally compare favourably with 
synthetic fibres with the notable exception of Aramid and carbon fibre. The 
properties of several important plant fibres are summarised in Table 16. A 
significant limitation with natural fibres is that the mechanical properties of 
plant cellulose vary widely both according to the source plant, and within a 
species, so the tensile strength of flax fibre, for example, can vary from 345 to 
1035 MPa and the Young's modulus of sisal fibre can vary from 6 to 22 GPa. 
This variation arises in part because a fibre is actually a bundle of cellulose 
fibrils and the mechanical properties recorded are more accurately a measure 
of the strength of interaction between fibrils. The properties of cellulose 
microfibrils are more consistent in general and the modulus of a single crystal 
of native cellulose is estimated to be 250 GPa104, 105, a value comparable with 
carbon fibre. 
Experimental measurements of the moduli of cellulose I and cellulose 11 fibres 
give values of 137GPa and 90GPa respectively106. In 1986 Kroon-Batenburg 
used these values to establish the chain confirmations of the two 
allomorphs 107. Their modelling studies also confirmed the contribution of 
intramolecular hydrogen bonding to the moduli of the chains and the 
difference in modulus of the two allomorphs is due to there being two 
intramolecular hydrogen bonds in cellulose I and one bifurcated bond (03H -
[06',02']) in cellulose 11. This has an important implication: cellulose 11 is 
thermally more stable than cellulose I and therefore more amenable to 
processing, but is intrinsically weaker although there is more potential for 
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hydrogen bonding with a polar matrix polymer. It follows, therefore, that 
chemically modifying cellulose I will theoretically weaken the chain if 
intramolecular hydrogen bonds are broken, to create covalent or hydrogen 
bonds with the matrix polymer. 
Table 16. Mechanical properties of plant cellulosic fibres and conventional reinforcing 
rnaterials102• 
Fibre Density Elongation Tensile Tensile 
(g.cm·') at Break (%) Strength Modulus 
(MPa) (GPa) 
Cotton 1.5-1.6 7.0-8.0 290-600 5.5-12.6 
Jute 1.3 1.5-1.8 390-770 26.5 
Flax 1.5 2.7-3.2 350-1040 27.6 
Hemp 1.6 690 
Ramie 3.6-3.8 400-940 61 - 128 
Sisal 1.5 2.0-2.5 510-640 9.4-22.0 
Coir 1.2 30.0 180 4.0-6.0 
Viscose 11.4 590 11 
(cord) 
Softwood 1.5 1000 40 
Krait pulp 
E-glass 2.5 2.5 2000-3500 70 
S-glass 2.5 2.8 4570 86 
Aramid 1.4 3.3-3.7 3000-3150 63-67 
Carbon fibre 1.4 1.4-1.8 4000 230 - 240 
Composites containing cellulose 
In its natural state, plant cellulose is part of a complex, highly organised 
composite material capable of supporting trees such as the Wellingtonia spp 
which grow to 50m or more in height. Man's history has been inextricably 
linked with exploiting woody materials whether for tools or building dwellings 
or modes of transport: wood is thus one of the most widely used natural 
composite materials. Cellulose fibre has a similar history of exploitation, 
mainly in the form of textiles, ropes and paper. Thus the fibres listed in Table 
15 have all been utilised by mankind. The use of cellulose fibres in artificial 
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composites began with the development of linoleum by Frederick Walton in 
England in 1863 when he developed a combination of woven jute fibre in an 
oxidised linseed oil matrix. 
Fine Structure of Cellulose - the Cellulose Fibril. 
The microfibril is the basic crystalline unit of cellulose. Even so, it consists of 
a chain of monocrystalline cellulose domains, or 'whiskers', with the microfibril 
axis parallel to the cellulose chains 108. The whiskers are linked along the 
length of the microfibril by amorphous domains. These amorphous regions 
are the 'weak points' in the structure and are susceptible to failure under 
mechanical stress and cleavage by acid hydrolysis. 
Transmission electron microscope studies of microfibrils of various sources 109 
have shown that the microfibril is a prism of perfectly square cross-section 
with rigidly parallel edges along its length. The largest reported microfibrils 
are found in algae such as Vallonia (20n width), the next largest in sea 
animals such as tunicates (10nm). The smallest fibres are generally found in 
the plant kingdom (3-4nm). The size is generally consistent within a species. 
An important aspect of microfibril crystal structure is that the cellulose chains 
are unidirectional, giving the parallel chain alignment of cellulose I. This was 
elegantly demonstrated by treating microcrystals, obtained by acid hydrolysis 
of Valonia microfibrils, with purified cellulase mixtures 110. This resulted in 
crystals which were eroded at one end only, as confirmed by TEM 
examination, corresponding to the non reducing end of the cellulose chain. 
Had the cellulose chains been bidirectional, or anti parallel, the microfibrils 
would have been narrowed at both ends. Finally the proportion of 
amorphous cellulose to crystalline cellulose can vary from 70% for primary 
wall plant cellulose to a few percent for tunicate cellulose. The amorphous 
region is particularly important as this is the most chemically reactive part of 
the cellulose fibril as well as being the most absorptive part. The crystalline 
region in comparison is very compact, preventing absorption of dyes and 
resins and also making the cellulose less chemically reactive. 
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Surface Characteristics of cellulose fibres 
The physical and chemical surface characteristics of cellulose fibres can vary 
widely according to the source. A rough surface morphology would tend to 
promote greater physical adhesion between the matrix and fibre through 
greater interpenetration of matrix and fibre giving rise to mechanical 
interlocking, while smooth fibres would be expected to 'slip' through the 
matrix. A high degree of crystallinity will result in fewer available reactive 
hydroxyl groups to form hydrogen bonds with polar matrixes or to react with 
electrophilic prepolymers. Conversely, a low degree of crystallinity entails a 
higher proportion of amorphous, reactive cellulose so that a strong chemical 
association between matrix and fibre is possible, although the filler itself may 
be less stiff. The surface chemistry of cellulose fibres has been studied 
throughout the twentieth century and there is much literature reporting the 
findings. 
For example workers at Bath 101 performed a comparative study of the surface 
morphologies of hemp, sisal, jute and kapok fibres and the effects of alkaline 
treatment with sodium hydroxide solutions, in the range 0.8% to 30%. The 
treated fibres were studied using differential scanning calorimetry (DSC), wide 
angle X-ray diffraction (WAXD), Fourier transform infrared spectroscopy 
(FTIR) and scanning electron microscopy (SEM). They reported rapid 
cellulose degradation in the range 0.8 to 8% with higher concentrations 
having little further effect. The crystallinity of hemp cellulose decreased 
marginally on treatment with NaOH up to 30% but the crystallinities of sisal, 
jute and kapok all increased slightly. Examination by SEM showed that prior 
to alkalisation, all of the four fibres studied had smooth surfaces which 
became uneven after treatment. The authors also describe the various 
effects of alkaline treatment on cellulose. In their natural state, plant fibres 
are coated with lignin, pectin, waxes and oils in varying amounts according to 
the plant species. In manufactured composites, these components tend to 
hinder adhesion between the fibre and the matrix polymer by a number of 
mechanisms. For examples, waxes prevent the matrix wetting the fibre 
surface effectively and the free water associated with the hemicellulose may 
interfere with adhesion with non-polar polymers. 
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Alkaline treatments remove some or all of these components, leaving 
cellulose containing significant amounts of lignin which can be completely 
removed by bleaching with chlorine dioxide or peroxide-based reagents. 
Alkalisation also converts cellulose I to cellulose 11111. This process forms the 
basis of mercerisation, a standard treatment for cotton in the textiles industry. 
The authors also report that alkaline treatment divides the cellulose chains 
into shorter lengths or crystallites. In an earlier publication 101 the same 
workers reported that the treated fibres gave a better adhesion with a matrix 
polymer than untreated polymer. 
Properties of Cellulose-Filled Nanocomposites 
Berglund et al 72prepared a series of solvent-cast PU films containing 3-10% 
microfibrillar cellulose derived from wood pulp and reported significant 
improvements in modulus and tensile strength (Table 17). The microfibrillar 
cellulose was produced by inducing high pressure (55MPa) flow in dilute 
wood pulp suspensions to give microfibrillated cellulosic fibres. The degree of 
polymerisation was 1000 which is similar to that of native cellulose and much 
greater than that of cellulose obtained by chemical treatments (DP=200). The 
cellulose suspension produced by this method cannot be dried and 
resuspended due to its forming strong hydrogen bonds between microfibrils, 
preventing rehydration. The authors also reported the production of cellulose 
by a combination of enzymic hydrolysis and homogenisation which also 
yielded microfibrils of higher molar mass than those obtained by acid 
hydrolysis. 
The use of cellulose whiskers in composites has been studied at the Centre 
de Recherches sur les Macromolecules Vegetales (CERMAV-CNRS) in 
France since 1995. Dubief et a/ 112 reported the properties of a composite 
based on a latex of bacterial poly(~-hydroxyoctanoate) (PHO) obtained from 
Pseudomonas oleovorans which can be cast into amorphous, thermoplastic 
elastomeric films. Nanocomposite materials were prepared by stirring 
mixtures of the latex and colloidal suspensions of either hydrolysed starch or 
cellulose whiskers. After mixing, the preparations were either cast and 
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evaporated or freeze-dried and moulded. The cellulose used was in the form 
of tunicin whiskers consisting of parallelepiped rods with the length ranging 
from 100 nm to several micrometers (average value around 11.1m) for widths 
on the order of 10-20 nm. The aspect ratio of these whiskers as estimated 
from TEM was around 67. The properties of the nanocomposites were 
assessed by determining the variation of storage modulus with temperature 
(Figure 18) and were strongly related to the aspect ratio of the filler and to 
geometric and mechanical percolation effects. The authors also noted that 
specific polymer-filler interactions and geometrical constraints imposed by the 
particle size of the latex, influence the mechanical reinforcement effect of 
cellulose whiskers. 
Table 17. Mechanical properties of polyurethane and polyurethane composites". 
Cellulose content % 
0 
3 
5 
10 
Young's Modulus Tensile Strength 
(MPa) (MPa) 
4.91 8.1 
7.38 13.2 
12.87 24.2 
21.12 24.3 
10 r-------------------------~ 
6 
• 
• 
•• 
..... 
...... 
5 ~------------~----------~ 
Elongation at Break 
(%) 
390 
540 
970 
785 
150 200 250 
Temperature (K) 
300 350 
Key: 0 = 1wt %, A. =3 wt %, and A = 6 wt% of tunicin whiskers. 
Figure 18. Reinforcing effect of tunicin whiskers on bacterial poly (~-hydroxyoctanoate)l12. 
Copyright ACS 2005. 
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In an accompanying publication 113, the same group showed that the high 
mechanical properties of the composite were the result of mechanical 
percolation created when the tunicin whiskers were present at 1 % by volume 
or greater, the so-called 'percolation threshold'. However, rather than through 
direct interaction such as interparticular hydrogen bonding, the network was 
created through transcrystalline layers of polymer forming between the 
whiskers, the deleterious consequence of which was that the mechanical 
properties of the semicrystalline mcl-PHA composite decreased disastrously 
when the melt temperature of the matrix was reached. The phenomena of 
transcrystallisation and mechanical percolation are therefore important 
considerations in the development of this type of nanocomposite. 
This group has also reported a nanocomposite based on tunicin whiskers and 
plasticised starch using glycerol as plasticiserl14 • The product contained four 
components (starch, cellulose, glycerol and water) and examination showed it 
to be a heterogeneous system containing glycerol- and amylopectin- rich 
domains with the plasticisers (water and glycerol) accumulating in the 
cellulose/amylopectin interface. They observed transcrystallisation of 
amylopectin similar to that encountered with the PHA composites and noted 
that this phenomenon increased with increasing water content. The 
mechanical properties such as tensile modulus were highly dependent on the 
water content and temperature, which was especially significant because at 
room temperature the glycerol-plasticised starch matrix was in its glass-rubber 
transition zone. This made the composite highly sensitive to fluctuations in 
temperature 114. 
There is one report of a comparative study of a nanocomposite reinforced with 
microfibrils of various lengths obtained by alkaline hydrolysis and chlorine 
bleaching of sugar beet followed by acid hydrolysis, with either 20% or 60% 
sulfuric acid, the stronger acid treatments giving shorter microfibrils76. The 
matrix was a styrene-butyl acrylate copolymer and was chosen for its 
amorphous nature. Using this system, they observed the effect of microfibril 
length and the associated tangling effect on the mechanical properties. Their 
results are shown in Table 18. Both tensile modulus and tensile strength 
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increased with the addition of cellulose microfibrils, with the greatest 
reinforcement coming from the un hydrolysed (and longest) fibrils. As the 
microfibrillar length decreased, so did the reinforcing effect. Their reports 
concluded, that the tangling effect of the unhydrolysed cellulose, which was 
clearly visible under TEM, played a significant role in reinforcing the 
composite. Dynamic mechanical analysis indicated that the residual 
hemicellulose (2%) interfered with the percolated cellulose network. 
Table 18. Mechanical properties of poly(S-co-BuA) matrix and related composites filled with 
6wt% of sugar beet cellulose microfibrils (CMF). 
Sample 
Unfilled Matrix 
6% Unhydrolysed CMF 
6% CMF hydrolysed with 
20% H2S04 
6% CMF hydrolysed with 
60% H2S04 
Tensile 
Modulus 
(MPa) 
0.2 
114 
55 
31 
Tensile Elongation at 
Strength Break (%) 
(MPa) 
0.18 >3000 
6.3 32 
1.7 102 
1.5 181 
In a more recent study115, Ouajai et al assessed the effects of three 
pretreatments (acetone extraction, mercerization with 3-20% wtiv sodium 
hydroxide (NaOH), and acrylonitrile (AN) grafting initiated· by azo-bis-
isobutylonitrile), on the crystal structure and mechanical properties of 
cellulose fibres derived from hemp. Quantitative measurements using Fourier 
transform infrared spectroscopy and wide-angle X-ray diffraction, showed that 
the crystallinity index decreased after acetone extraction. Treatment with 
NaOH, in the concentration range 10-20% w/v, converted the crystalline 
structure from cellulose I to cellulose 11. The amount of AN grafted on to the 
fibres (1.56 - 10.46%) depended on the initiator concentration and the volume 
of monomer in the reactor. While AN grafting did not effect any change in 
crystalline structure as was the case with mercerisation, the crystallinity index 
as determined by X-ray analysis was altered, increasing from 82.5% to 87% 
at 3% monomer grafting and decreasing at higher levels of monomer addition. 
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Mercerisation had a strong effect on tensile modulus which decreased rapidly 
with increasing NaOH concentration up to 10%. This effect was ascribed to 
loss of lignin which was binding the cellulose fibres. This could be tested by 
evaluating the strength of hemp fibres which had been delignified to various 
extents by bleaching. The authors also noted a sudden decrease in breaking 
stress with 10% NaOH treatment, which was interpreted as being due to 
conversion of cellulose I to cellulose 11. There was no clear influence of 
acrylonitrile grafting on any of the mechanical properties. 
2.4 Biodegradable Nanocomposites 
2.4.1 Polylactide Nanocomposites 
Nanocomposites incorporating polylactides have been reported by Ogata et 
a/l16 who described the structure and mechanical properties of the then novel 
PLLA-clay blends. Some years later, a series of papers reported the 
preparation of PLAlclay nanocomposites by the direct melt intercalation 
process first reported for other polymers by Vaia et al in 199383. In these 
papers l17 the development and characterisation of the new composites was 
described in detail by workers at the Toyota Technological Institute in Japan. 
Similar materials were also reported from Korea l18, the USAll9 , Japanl2O, 
Belgium80 as well as Spain and Venezuelal2l . 
2.4.1.1 Manufacture 
PLA-Iayered silicate (PLAlLS) nanocomposites have been produced by 
solvent based methods such as solvent casting or solvent based 
electrospinningl18. 122 116, using either chloroform as the co-solvent, although 
dichloromethane is also reported l19• The generic technique is to disperse the 
organomontmorillonite and dissolve the PLA separately before stirring the two 
solutions. For example in one study,I19 100mg of PLLA was dissolved in 10ml 
of dichloromethane to give a 1 % solution. Also prepared was a dispersion of 
0.1 wt % organomontmorillonite in DeM. Both preparations were sonicated 
separately at 21W power and room temperature for a total of 30 minutes, 
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using a pulse mode to avoid temperature rise. After mixing, the suspension 
was sonicated for a further 30 minutes before casting onto a glass slide and 
evaporating over 48 hours. Optically clear films were obtained by this 
method. 
Table 19. Processing conditions employed in the production of PLA-c1ay nanocomposites by melt 
intercalation. 
Equipment Temperature Speed (rpm) Time (mln) Reference 
Counter-rotating 180-195 60 10 42 
mixer 
Twin-screw extruder 190 123 
Twin-screw extruder 190 12. 
Counter-rotating 190 120 
mixer 
Counter-rotating 180-190 20 4 80 
mixer 60 3 
Counter-rotating 190 125 
mixer 
Counter-rotating 150 60 8 121 
mixer 
Counter-rotating 150 20 4 126 
mixer 60 4 
Although in-situ polymerisation is a feasible technique 127 , the technique most 
favoured would appear to be melt extrusion ll7, 123, 128, 129 or variations on melt 
compounding42• 120. 121, 127. The conditions used for melt compounding and 
extrusion of PLNclay nanocomposites are summarised in 
Table 19. The favoured processing temperature is 180-190°C although a 
lower temperature of 150°C has been reported i21 • In the melt compounding 
process, the modal speed was 60 rpm with some workers favouring an initial 
phase at a slower speed although reasons for this were not given. The total 
processing time ranged from seven minutes to ten minutes'2• 
There is considerable variation in the PLA used in nancomposite production, 
with five companies providing the entire stock (Table 20). Most researchers 
reported the quality of the PLA by noting its weight average molecular weight 
(Mw), polydispersity (Pd) and D-Iactide content. The molecular weights of the 
PLA preparations ranged from 110,000 to 2,400,000; over a twofold variation. 
The polydispersity was more conservative, varying from 1.45 to 2.0. The 
purity was not reported by several workers although it is known that the 
proportions of D- and L- isomers have a great influence on the physical 
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properties of the polymer. However from the known reports of purity it can be 
seen that the D-Iactate content varied from zero to 12% 80,121. 
Table 20, Grades of poly lac tide used on production and evaluation ofPLAlclay nanocomposites. 
Manufactuer Mw 
Shimadzu 200,000 
Dow-Cargill (USA) 166,000 
Unitika (JP) 187,000 
Shimadzu Co (JP) 218,000 
Polysciences Inc. 325,000" 
Polydispersity 
2.0 
1.76 
1.55 
Unknown 159,000 1.86 
Galactic SA 155,000' 1.9 
Unitika (JP) 159,000 1.86 
Shimadzu Co (JP) 110,000 1.45 
Purity 
(% 0-
lactlde) 
4.1 
1.1-1.7 
o 
<1 
Galactic (8) 12 
Cargill-Dow 161,500' 1.9 30 
Ref. 
lib 
130 
131 
118 
119 
120 
80 
125 
122 
121,126 
132 
·Calculated from Mn & Polydispersity ··Value given was for viscosity-average molecular weight. '.' indicates that 
data was not given. 
The chemical nature of the organoclay also varied among the reports, 
although all the nanoclays were based on montmorillonite with a cation 
exchange capacity in excess of 90me/100g. The counterion is nearly always 
a quaternary ammonium compound, i.e. a nitrogen atom is covalently bonded 
to four alkyl groups so that the 'lone pair' is also shared and the nitrogen 
centre acquires a positive charge. By using long-chain alkyl groups, the 
organoclay is more compatible with the polymer and so more easily wetted. 
The choice of alkylammonium compound is dictated partly by the commercial 
need for a low-cost compound. Thus although Ray et al I3lconcentrated on 
an octadecylammonium organoclay of high purity, most of the remaining 
workers, as can be seen in Table 21, elected to use organoclays based on the 
cheaper hydrogenated tallowalkyls (HT), which are of animal origin. However, 
the purity of HT is however somewhat variable, depending on its origin. A 
typical analysis for HT quoted by Chen et al is: 65% C18; 30% C16 and 5% 
C141ll. 
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Table 21. OrganomontmoriIIonites used in production and evaluation of PLAlclay 
nanocomposites. 
Source CEC Organic Counterlon Reference 
me/100g 
Southern Clay Products 92 Dimethyl-2-ethylhexyl 42, 80, 118, 132 
Cloisite 25A (hydrogenated tallow 
alkyl) ammonium 
80,119,127 Southern Clay Cloisite 90 6is-(2-
306 hydroxyethyl)methyl 
(hydrogenated tallow 
alkyl) 
119 Southern Clay Products 125 Dimethyl-
Cloisite 15A di(hydrogenated tallow 
alkyl) 
60,127 Southern Clay Products 95 Dimethyl 
Cloisite 20A di(hydrogenated 
tallowalkyl)ammonium 
117,128,129,134 Nanocor 110 Octadecylammonium 
119 
Kunimine 109 Dimethyldioctadecylam 120 
monium 
Investigator's laboratory Dimethyl-hydrogenated 126 
tallow ammonium 
Investigator's laboratory Dimethyl-benzyl- 126 
dihydrogenated tallow 
ammonium 
2.4.1.2 Properties 
PLNclay nanocomposites have been evaluated mostly by studying their 
thermal properties such as glass transition temperature (Tg) and onset of 
degradation temperatures, as well as mechanical properties such as storage 
modulus. There are few reports on properties such as elastic modulus and 
elongation at break. A feature of nanocomposites is their reduced gas 
permeability and this has also been studied by some workers. 
2.4.1.2.1 Thermal Properties 
The glass transition temperature (T g) of pure PLA is little affected by 
incorporation of organoclays. Thus although Pluta et ar2 reported a T g of 
58.4°C for annealed PLA and 58.2'C for the annealed PLNoMMT 
nanocomposite, the precision of DSC is such that these values are effectively 
identical and should have been reported as 58'C for both samples. However, 
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crystallising the samples isothermally at 120°C both lowered the Tg and 
produced greater differences between the materials so the Tg of crystallised 
PLA was 53°C and that of the crystallised nanocomposite was apparently 
measurably higher at 55°C, which is just outside the resolution limit of 1 ·C. 
They noted that this increase is reported for polystyrene nanocomposites and 
is ascribed to the restricted segmental motions at the interface of the organic 
and inorganic phases of the material. Despite the author's claims to the 
contrary, the data of Ray et a/ll7 indicates that the Tg values of unfilled PLA 
and PLA containing 4% organoclay are the same (60·C). It is more likely that 
the difference in Tg recorded by these two authors is due to the different D-
lactic acid content; that used by Pluta et al contained 4% whereas Ray et al 
used a purer PLA with less than 2% D-Iactic acid. Paul et al80 showed that the 
type of nanoclay (Cloisites) had minimal effect on both Tg and melting 
temperature. However, in this study, Tg was reduced from 55°C to 15°C by 
addition of 20 wt% PEG as plasticiser. Krikorian 1l9 reported that their PLA 
melting point (177°C) did not change with clay loading but did not report the T g 
values of the samples prepared. 
2.4.1.2.2 Gas Permeability 
Ray et al134 measured the oxygen transmission rates of unfilled PLA and 
various nanocomposites by the method ASTM D-1434 at 20°C and 90% 
relative humidity. They reported an inverse exponential decrease of oxygen 
permeability from 200 ml.mm.m·2.day-1.MPa-1 for neat PLA to below 50 
ml.mm.m-2.day"1.MPa-1 for a 10% nanoclay loading. Their results were 
interpreted according to the stacked-clay intercalative model and concluded 
that they could not explain the high gas barrier properties in terms of this 
modeI134. 
2.4.1.2.3 Biodegradation 
The biodegradation of PLA is sometimes compared to that of plasticised 
starch, which is also a candidate biopolymer. However, unlike starch, PLA 
requires a higher temperature than starch for biodegradation to occur and 
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does not lend itself to home composting, where lower temperatures are 
frequently obtained, compared to the more controlled conditions of municipal 
composting. However, Ray et a/134 reported a greatly enhanced 
biodegradation of PLA with 4% clay loading relative to neat PLA. This was 
attributed to the greater amorphous nature of the PLA in the nanocomposite 
(40%), compared to the neat polymer (36%), as it is known that amorphous 
polymers are more readily degraded by micro-organisms. This report led to a 
study of the hydrolytic stability by Paul et a 1321 which was effected by 
immersing specimens in a pH7.4 buffer at 37°C for five and a half months. 
The authors do not stipulate that sterile conditions were used although no 
infection of the samples was reported. A microcomposite prepared with Na+-
montmorillonite degraded within two months whereas the neat PLA and 
nanocomposite based on Cloisite 25A were still structurally unaltered after 5 
months. The rapid degradation rate of the microcomposite was attributed to 
the hydrophilicity of the sodium clay used. 
2.4.1.2.4 Mechanical Properties of PLA Nanocomposites 
Nanocomposites can be characterised either by tensile testing or by dynamic 
mechanical analysis. An example of the latter study is given in Table 22. 
These materials were prepared by twin-screw extrusion 131. 
At all temperatures, the storage modulus increased with increasing 
organoclay loading. The increases were more marked at temperatures below 
the Tg of the materials, so at 40°C a clay loading of 7% increased the storage 
modulus from 1.60GPa to 3.82GPa, indicating that the polymer had become 
more elastic. The authors also noted increases in G' above the glass 
transition temperature, from 0.06GPa to 0.19GPa, and attributed this to the 
reinforcement effect of the clay particles which restricted the movement of the 
polymer chains. 
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Table 22. Storage modulus of PLA-organomontmoriIlonite exfoliated nanocomposites prepared 
by twin-screw extrusionI3 '. 
Storage Modulus. G'/GPa 
Sample (%Cw -20'C 40'C 100°C 145'C 
mmt) 
PLA 1.74 1.60 0.13 0.06 
PLACN1 (3%) 2.32 2.07 0.16 0.09 
PLACN2 (5%) 2.90 2.65 0.25 0.10 
PLACN3 (7%) 4.14 3.82 0.27 0.19 
In another study, PLA-MMT nanocomposites were prepared by solvent 
casting from a chloroform suspension135• These samples also contained 
ammonium carbonate blowing agent and sodium chloride particles, which 
were leached out post-forming to produce scaffolds such as would be used in 
biomedical applications. Exfoliation of the layer silicate was confirmed by 
XRD analysis and observing the disappearance of the peak at 28=4.56° due 
to interlayer spacing. They reported a Tg of 63°C for pristine PLA decreasing 
to 53°C for the nanocomposite containing 5% o-MMT although the Tg of the 
8% o-MMT nanocomposite was 58°C. The recrystallisation temperature 
decreased from 111°C to 90°C and this was attributed to the clay platelets 
acting as nucleating sites and promoting crystallisation. 
The mechanical properties were assessed by tensile testing and showed an 
increase in tensile modulus from 121 MPa for pristine PLA to 170MPa for the 
8% o-MMT nanocomposite. The tensile strength decreased from 48MPa to 
23MPa. The increase in modulus was ascribed to mechanical reinforcement 
of the polymer by the clay platelets. In another study 116 it was concluded that 
intercalation did not take place in solvent cast composites although a twofold 
increase in Young's modulus at 10% clay loading was observed. This 
increase was instead ascribed to a 'superstructure' forming in the blend film in 
the thickness direction. 
The storage modulus of solvent cast nanocomposites has also been 
assessed elsewhere 119. Here the conclusions were that exfoliated clay 
loading up to 15% gave a 61% increase in storage modulus at temperatures 
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'around body temperature' which is assumed to be from 36°C to 38°C. This is 
a smaller increase than the 140% increase implied by the data of Ray et. aI., 
see Table 22. 
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3 Experimental Work 
3.1 Materials 
Cocamidopropylbetaine was obtained as the proprietary surfactant 'Amphisol 
CG' from Lankem Surfactants Ltd. 
Poly(lactic acid) (PLA) was obtained from Hycail BV. This is described by the 
supplier as a clear general purpose poly(lactic acid) with good oxidation and 
molecular weight stability in the melt and compostable according to DIN 
EN13432:2000-12 and ASTM D 6400:1999. The recommended industrial 
drying process is 4 hours at 50°C in a dehumidifying air hopper dryer with 
regenerative desiccant beds with an air flow rate of 120m3 per hour. In this 
study, the PLA was dried overnight in a vacuum oven at 800mbar pressure 
and 50°C. The properties of interest are given in Table 23 and Table 24. 
Table 23. Physical and chemical properties of Hycail HMI 010 PLA. 
Property Typical Value 
Molecular Weight 90,000 -100,000 
Specific Gravity 1.24 
Appearance Transparent, glass-clear 
Melting range 150-175 
Glass transition (Tg) 60-63 
Melt Flow Rate (MFR) 2-4 
Thermal Stability (30 2.2-5 
minute Dwell MFR) 
Bulk Density 0.8 kg/l 
Moisture <150 
Table 24. Mechanical properties of Hycail HMIOIO PLA. 
Property 
Tensile Strength at Yield 
Tensile Strength at Break 
Tensile Elongation at Break 
Typical Value Unit 
62 MPa 
56 MPa 
3-5 % 
Unit Test Method 
g/mol 
g/cm3 
·C 
·C 
gl10min ISO 1133 
(190·C/2.16kg) 
g/10min (190·C/2.16kg, 30 min 
residence time) 
Kgn 
ppm 
Test Method 
ISO 527 
ISO 527 
ISO 527 
Deuterated chloroform (CDCb) was provided by the Chemistry Department, 
Loughborough University. 
Cloisite-Na+ (sodium montmorillonite (Na-MMT)) and Cloisite 30B were 
obtained from Southern Clay Products Inc. Gonzales, TX USA. 
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Any other reagents described in this thesis were obtained from Fisher 
Scientific, Loughborough, UK and used without further purification. 
3.2 Preparation and Characterisation of 
Cocamidopropylbetaine 
Cocamidopropylbetaine (CAB) was introduced in Chapter 1.1.2 as an 
amphoteric surfactant derived from coconut oil, the process of which is shown 
in Figure 19. 
o CH, )l~I:J 
R ~ \ 0-
CH, 
Figure 19. Synthesis of an alkylamidopropylbetaine from fatty acid precursor'''. 
The conversion of a fatty acid to an alkylamidopropylbetaine is a two step 
procedure: the first step is the conversion of the carboxyl group to an amide 
with N,N-dimethylpropan-1,3 diamine and the second step is the 
quaternisation of the dimethylamino group with sodium chloroacetate136, see 
Figure 19. Coconut oil is a triglyceride i.e. a triester of glycerol and a mixture 
of fatty acids in which the predominant alkyl chains are: 9% C8; 6% C1 0; 49% 
C12; 20% C14; 8% C16; 8% C18137. 
The CAB used in these studies was supplied as an aqueous solution of 
nominally 36% w/w concentration. It was necessary to obtain a sample of 
dried surfactant for some experiments such as the nuclear magnetic 
resonance spectroscopy (NMR), Fourier transform infrared spectroscopy 
(FTIR) and differential scanning calorimetry (DSC). It was also necessary to 
know the precise concentration of CAB in solution for the preparation of CAB-
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montmorillonite organoclays. Both these requirements were met by drying 
samples of the CAB solution as described in section 3.2.1 
3.2.1 Determination of the Solids Content of the Commercial 
Cocamidopropylbetaine Solution 
Objectives 
• To obtain a quantity of dried CAB for further characterisation. 
• To determine the concentration of the cocamidopropylbetaine solution by a 
gravimetric method. 
Method 1 
Two aliquots of the sample (15g) were weighed into clean, tared glass Petrie 
dishes. The dishes were then heated for 2 hours at 105°C and cooled in a 
desiccator. The dishes were re-weighed and the solid content calculated 
according to the equation: 
A-D %Solids = 100 x--
Where: 
A = Mass of dish + dried sample 
B = Mass of dish + liquid surfactant sample 
o = Mass of dish 
Method 2 
B-D 
Two aliquots of Amphisol CG were weighed into tared Petrie dishes as before. 
The samples were placed in a vacuum oven heated to 70°C. The vacuum 
was drawn down five times over eight hours after which the heating was 
continued for a further 16 hours. The samples were then cooled in a 
desiccator and re-weighed. The solid content was calculated as before. 
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3.2.2 Fourier Transform Infrared Analysis (FTIR) 
Objective 
• To obtain spectral information about the surfactant and confirm the 
presence of expected characteristic absorption bands. 
Principle ofthe Method 
Infrared spectroscopy is based on the principle that the vibrational energy of a 
bond between two atoms can be raised from one level to a higher one by 
absorption of a photon of electromagnetic radiation of appropriate frequency. 
The region of interest in this case is 2.5 - 25j.Jm although the frequency range 
is more usually shown as reciprocal centimetres (4000-400cm'\ The 
frequency required to effect the transition between energy states is mainly a 
function of the relative atomic masses of the two atoms and the mode of 
vibration of which the main ones of interest are symmetrical and asymmetrical 
stretching. bending. rocking and twisting. 
The technique of Fourier transform spectroscopy is the most widely used 
today as it gives a much higher signal to noise ratio than the earlier technique 
of dual-beam spectroscopy. The technique is based on the principle of the 
Michelson interferometer. (see Figure 20). where the beam from a high, 
intensity lamp emitting an approximately continuous spectrum. is partly 
deflected and partly reflected by a beam splitter. The two beams are reflected 
back to the splitter to create an interference pattem which is then 
deconvoluted by a Fourier transform algorithm. A He/Ne laser beam travels 
the same optical path and its interference pattern is used to trigger the signal 
sampling. 
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Figure 20. Principle of operation of the Michelson interferometer. 
Method 
The sample was spread thinly on a sodium chloride disc which had been 
previously cleaned with acetone and scanned to confirm that it was clean. 
The (FTIR) spectrum was obtained using a Mattson 3000 FTIR spectrometer 
(Unicam Instruments). Data was collected over the range 4000-400 cm,1 
using 64 scans at a resolution of 4cm,1 at room temperature. 
3.2.3 Elemental Analysis 
Objective 
• To determine the carbon, nitrogen and hydrogen content of dried 
cocamidopropylbetaine 
Method 
The sample was combusted in oxygen and the gaseous products quantified 
using a Perkin Elmer 2400 CHN Elemental Analyser. A schematic illustration 
of the operating principle of this apparatus is shown in Figure 21. The sample 
is combusted in excess oxygen which converts the carbon, hydrogen and 
nitrogen therein into carbon dioxide, water and nitrogen dioxide gases 
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respectively. The nitrogen dioxide is then reduced to nitrogen gas and the 
gas mixture is thoroughly mixed before passing through a chromatography 
column which separates the gases. The separated gases then pass through 
a thermal conductivity detector which records the concentration of each gas. 
Combustion 
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Figure 21. Principle of operation of the Perkin-Elmer 2400 CHN Elemental Analyser. 
3.2.4 Optical Microscopic Examination of dried CAB 
Objective 
o To examine the microstructure of the CAB paste obtained by drying 
Amphisol CG. 
o To observe the melting behaviour of the CAB paste. 
Method 
A small amount of the dried CAB sample was smeared onto a clean glass 
microscope slide and flattened under a clean cover slip. The sample was 
then examined under bright field (Kohler) illumination using a Leica DMLM 
Binocular Transmitted Light Microscope with x10 objective and 1 Ox eyepiece. 
A further sample was examined by hot stage microscopy under the same 
microscope and configuration, heating the sample to 60°C at 1°C/min using a 
Mettler-Toledo FP82HT hot stage. 
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In a final experiment, a second sample of CAB was heated to 160°C at 
10°C/min in order to observe the melting behaviour of the material, after which 
the sample was allowed to cool unassisted so that the cooling behaviour 
could be observed. Again the observations were made at 100x magnification. 
Nuclear Magnetic Resonance (NMR) Spectroscopy 
Objectives 
• To obtain NMR data from the cocamidopropylbetaine sample 
• To confirm the structure of the CAB molecule 
• To look for evidence of impurities. 
Principle of the Method 
The principle of nuclear magnetic resonance (NMR) is based on the fact that 
atomic nuclei containing an odd number or protons or neutrons have a 
property 'spin' which gives them paramagnetic properties, i.e. they respond to 
a magnetic field. The most common example is the hydrogen nucleus 
denoted by 1H, followed by 13C. 
When a sample is subjected to a strong magnetic field (Bo) the nuclei then 
rearrange so to either align or oppose the field, the latter having the higher 
energy state. The difference between the energy states (1l.E) is represented 
by hv where h is Planck's constant and v is the frequency. Nuclei may switch 
from one state to another by either emitting or absorbing electromagnetic 
radiation of the appropriate frequency. In practice this is done by sweeping 
the sample with a range of radio frequencies and recording the frequency at 
which the nuclei resonate and switch states. 
The radio frequency at which this occurs is a function of the extent to which a 
nucleus is shielded by its electron cloud: atoms adjacent to another of a 
different electronegativity will have a different response to those adjacent to 
atoms of the same electronegativity. It is this feature that reveals the 
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environment of an hydrogen or carbon nucleus and enables the structure to 
be inferred. 
No external 
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Figure 22. Alignment of magnetic atomic nuclei in a strong magnetic field, showing the energy 
difference between aligned and opposed states as a function of an electromagnetic photon. 
Method 
The sample was dissolved in deuterated chloroform (CDCb) to give an 
approximately 1 % solution which was transferred to a glass NMR tube and 
fitted to a Bruker DPX-400 spectrometer operating at 400MHz under ICON-
NMR software. Proton CH) and carbon C3C) nuclear magnetic resonance 
data were collected. 
3.2.5 Determination of the Fatty Acid Composition of 
Cocamidopropylbetaine 
Objective 
• To determine the fatty acid composition of the CAB sample used to 
prepare the organoclays 
Although fatty acid mixtures are routinely separated as their methyl esters by 
gas chromatography. compounds such as betaines are not suitable for such 
analysis because of the highly polar carboxyl and quaternary ammonium 
groups. However such compounds have been detected and quantified in 
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environmental water samples by liquid chromatography-mass spectrometry13B, 
139, No derivative needs to be prepared for such an analysis, Derivatives of 
betaine lipids have been prepared for GC analysis by reduction with sodium 
thiazolidine I lithium aluminium hydride (LiAIH4) to remove the quaternary 
ammonium group followed by silylation of the carboxyl group 140, but this is a 
highly hazardous reagent. The same authors also investigated removal of the 
quaternary ammonium group by Hoffman degradation. Although this would 
address the problem of the polar quaternary group, both the polar secondary 
amide group and carboxyl group would remain, although the latter could be 
converted to a silyl or methyl ester. 
It was decided that a simpler approach would be to hydrolyse the secondary 
amide group which is readily labile to acid hydrolysis (Figure 23) although 
alkaline hydrolysis has been used for some compounds 141, 
~OH + 
Figure 23. Acid catalysed hydrolysis of the amide group of cocamidopropylbetaine (CAB) 
Once cleaved from the rest of the molecule, the betaine moiety is irrelevant as 
that is invariate while the length of the fatty acid chain is of interest to this 
investigation and is variable, The fatty acids can then be extracted with a 
suitable solvent leaving the acid and betaine in the aqueous phase, 
The method for preparation of fatty acid methyl esters (FAMEs) was taken 
from a standard method published by the Health & Safety Executive (HSE), 
In this method, the esterification agent is a solution of dimethylformamide 
dimethylacetal (DMDMA) in toluene, which is added to the sample and 
heated, The reaction mixture can then be injected into the chromatograph 
without needing further purification, This offers an advantage over the other 
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commonly-used reagent, boron trifluoride in methanol (BF;J!MeOH), which 
requires that the FAME be extracted post reaction to avoid contaminating the 
GC column with boron trifluoride. 
Method 1: Alkaline hydrolysis 
The sample (1ml) was added to 1ml10M NaOH in a 1Sml Pyrex culture tube 
which was sealed with a Teflon-Iined screw cap. The final NaOH 
concentration was SM. The tube was heated to 70°C in an oven for 6 hours 
and then cooled. After cooling 1 ml of the hydrolysate was extracted twice 
with diethylether (1ml portions), the extracts were combined in a 2ml sample 
vial and evaporated to dryness under a slow stream of air delivered through a 
Pasteur pipette. 
Method 2: Acid hydrolysis 
The sample (1 ml) was added to 1.Sml deionised water in a Pyrex culture tube 
and concentrated HCI (2.Sml) was added (final HCI concentration = 6M). The 
tube was capped with a Tefion-Iined screw closure as before, the contents 
were mixed and the tube heated to 70°C in an oven for 6 hours and then 
allowed to cool to room temperature. A 1 ml portion of the hydrolysate was 
extracted twice with ether as before and dried in a 2ml sample vial under air. 
Preparation of FAMEs 
To prepare the fatty acid methyl esters (FAMEs) the dried sample was taken 
up in toluene (1ml, dried over MgS04) and the reagent, dimethylformamide 
dimethyl acetal, (DMDMA, O.Sml) was added. The tube was sealed with a foil 
lined screw cap and the contents were heated to 60°C, in an oven for 30 
minutes. 
Gas Chromatographic Analysis 
The FAME derivatives were separated using a temperature programme of SO-
200°C at 10°C/min on a fused silica capillary column (30m x 0.32mm Ld.), 
coated with RHS (0.2Sum thickness) fitted to a Fisons AS800 Gas 
Chromatograph and coupled to a MD800 Mass Spectrometric Detector using 
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electronic ionisation. Peaks were identified by matching to an internal library 
and were quantified by comparing peak areas, assuming similar response 
factors for each derivative. 
3.2.6 Differential Scanning Calorimetry 
Objective 
• To determine the melting range of CAB by differential scanning 
calorimetry (DSC) 
Principle 
Differential scanning calorimetry (DSC) is a technique that measures the heat 
flow to and from a specimen, required to maintain its temperature equal to 
that of a reference specimen. When the specimen undergoes thermal 
transitions, such as an endothermic melt, more heat in the form of electrical 
current is required to maintain its temperature and this heat flow is measured 
in Watts per gramme (WIg). A schematic representation of an apparatus is 
shown in Figure 24. The sample contained in a capsule, is placed in a 
chamber which is heated and cooled to programmed temperatures, 
depending on the specimen and the transition temperatures of interest. An 
empty reference capsule of the same material is placed close to the specimen 
capsule. Both the reference and specimen capsules are heated 
independently: in this way the energy input required to maintain temperature 
parity with the reference can be most accurately measured. 
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Figure 24. Schematic representation of a DSC apparatus: r = reference; s = specimen; Tr = 
reference temperature; Ts = specimen temperature. 
Method 
Thermal analysis was performed on a Thermal Solutions 2010 Differential 
Scanning Calorimeter controlled with Thermal Solutions software and data 
manipulation by Universal Analysis 2000. The sample was weighed into an 
aluminium pan which was closed with a lid without sealing. The sample was 
then heated to at 10°C/minute in a nitrogen atmosphere. Three experiments 
were carried out, each on separate samples: 
1. A sample was heated from -30°C to 120°C; 
2. A sample was heated from -20°C to 60°C, cooled at -10°C/min back to 
-20°C and heated again to 60°C; 
3. A sample was heated from O°C to 200°C without cooling. 
3.2.7 Thermal Gravimetric Analysis 
Objective 
• To determine the onset temperature of thermal degradation of 
organoclays and PLNorganoclay films 
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Principle 
The specimen is placed in a micro crucible and heated in a steady flow of gas. 
The common gases used are air, nitrogen (for an inert atmosphere) or oxygen 
(for an oxidising atmosphere). The mass of the sample is monitored 
continuously while the chamber is heated. The changes of interest in this 
technique include: volatilisation of low molecular weight components and 
thermally labile species, and degradation of the bulk material. There may be 
several discrete degradation events depending on the sample and these are 
discussed with respect to organoclays in chapter 4.2.4. 
Method 
The sample (20mg) was submitted for thermal gravimetric analysis and 
analysed on a Hi-Res Modulated TGA 2950 Thermogravimetric Analyzer (TA 
Instruments). The analysis was run at 15·C/min in an air atmosphere from 
ambient temperature. The sample weight and differential weight were 
calculated from the data. 
3.3 Betaine-PLA Interaction 
The objective of this experiment was to see if there was any spectral or 
thermal evidence for a reaction between cocamidopropylbetaine and PLA 
during melt compounding. It was thought that a reaction would be unlikely 
when the CAB-mmtlPLA films were made by solvent casting, because no 
heating, other than vacuum drying at low temperature (50'C) was involved in 
the process. Two analytical methods were selected for study: FTIR and DSC. 
If the carboxyl group were to react with the terminal hydroxyl groups of the 
PLA chain, then an ester would be formed which would give a characteristic 
signal due to the ester carbonyl bond which would be absent in the unreacted 
compound. In the case of DSC analysis, if the surfactant and polymer had 
reacted, it might be possible to see a change in either the melting point or the 
glass transition temperature, due to changes in the freedom of motion of the 
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polymer chains. There was also the possibility of observing a plasticisation 
effect due to the presence of the surfactant. 
3.3.1 Preparation of PLA-CAB Films 
A portion of the CAB prepared in 3.1 was dissolved in 5ml chloroform to give 
a clear solution in a test tube. An equal volume of hydrochloric acid (0.1 M) 
was added to the test tube, which was then gently agitated and the contents 
allowed to settle. When the acid was added, a white suspension immediately 
formed which on settling accreted at the interface of the upper aqueous layer 
and lower chloroform layer. This white layer was removed with a glass 
Pasteur pipette and transferred to a glass beaker. The liquid was allowed to 
evaporate in a fume cupboard and then dried at 40°C in a vacuum oven 
overnight. This gave a sticky clear layer which was unlike the milky white 
product obtained by drying unacidified CAB from aqueous solution and was 
taken to be acidified CAB. This product was sparingly soluble in chloroform, 
but sufficiently enough to enable the second part of the experiment to be 
carried out. It was concluded that the white suspension comprised a 
suspension of precipitated CAB in a saturated solution of acidified CAB in 
chloroform. Hereafter, the CAB obtained by acidification of a chloroform 
solution is referred to as HCAB. 
Solution cast films were then prepared by dissolving CAB or HCAB and PLA 
in chloroform and pouring the resulting solution into glass Petrie dishes, which 
were then covered. The dishes were placed in a fumehood and the chloroform 
allowed to evaporate slowly, after which residual chloroform was removed by 
drying overnight at 40'C in a vacuum oven (800mbar vacuum). The amounts 
of CAB and HCAB were chosen so as to give films containing 0%, 1 %, 2% 
and 5% CAB by weight. In all cases, clear solutions were obtained which 
indicated, firstly that any water present was not enough to cause cloudiness of 
the solutions and secondly that the amount of HCAB used was soluble in the 
chloroform/PLA solution. 
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3.3.2 FTIR Analysis 
The spectra of the films were recorded by ATR mode spectroscopy. This 
mode was deemed suitable as no surface degradation was anticipated on the 
samples prepared by this method. 
3.3.3- DSC Analysis 
In this experiment, the sample was heated to the processing temperature 
recorded in the melt compounding experiments, so that any reaction that 
would occur in polymer processing would also occur in the DSC analysis 
during the first heat. The sample was then cooled to below the glass 
transition temperature and again heated to the melting temperature, to obtain 
the second melt temperature and enthalpy. 
Specimens were sealed in aluminium pans and lids and the analysis was run 
under nitrogen using a reference blank sealed pan. Samples were heated to 
190·C, held at this temperature for 1 minute, then cooled to 20·C and heated 
again to 190·C. All heating and cooling was done at 10·C.min-1• For this 
study, the glass transition and melting temperatures were recorded on the first 
and second heats. The enthalpies of melting were also determined from the 
melting peaks. 
A sample of the original PLA as supplied was run to show any effect of the 
solvent casting process on the thermal behaviour of the polymer. By varying 
the CAB content from 1 % to 5% any effect of the surfactant on the polymer 
should increase with increasing surfactant content. 
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3.4 Preparation of Cocamidopropylbetaine-Montmorillonite 
Organoclays 
Objectives 
• To prepare montmorillonite samples containing intercalated CAB 
Experiment 1: Preliminary Trials 
Sample 512A 
Sodium montmorillonite (2.0g, equivalent to 1.84 mole exchangeable 
monovalent cation), was added slowly to 75g deionised water in a 250ml 
beaker stirred vigorously with a magnetic stirrer. Amphisol CG (26g, 
equivalent to 10g CAB) was added dropwise over 10 minutes. The solution 
was stirred for a further 24 hours, adjusting the pH to 3 using 0.1 M HC!. This 
pH was chosen in the absence of any detailed description by previous 
workers 98 other than that the solution was 'acidified'. The pKa (pH at which 
an acid is 50% dissociated) of the carboxyl group is about 4.8 depending on 
the neighbouring functional groups, where electronegative groups give lower 
pKa values. In the case of CAB the neighbouring species are methylene 
groups of low electronegativity, so 4.8 is a reasonable estimate of the pKa. 
Acidifying the CAB solution has the effect of removing the negative charge, 
leaving the positively charged quaternary ammonium group as the only 
charged species on the molecule. This should in theory promote uptake of 
the CAB by the negatively charged montmorillonite. The pH-dependent 
charge on the clay is small in comparison to the permanent charge, so there 
should be an insignificant effect on the charge of the clay particles. However, 
the amide group in the CAB molecule is susceptible to acid hydrolysis: too low 
a pH, especially at elevated temperature, therefore might result in cleavage of 
the molecule and uptake of the betaine moiety alone. 
The organoclay was harvested by centrifuging at 4500 rpm for 10 minutes in a 
Biofuge Primo centrifuge (Heraeus Instruments) in 25ml glass bottles, each 
containing a small magnetic follower to aid resuspension. The precipitate was 
retained and resuspended in fresh deionised water and centrifuged again. 
This was repeated until there was no apparent change in the amount of foam 
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produced upon resuspending the organoclay. The organoclay paste was 
spread out onto clean Petrie dishes, dried at 70°C for 48 hours, ground to a 
fine powder with an agate mortar and pestle and collected into a clean sample 
tube. 
Sample 5128 
This method was chosen so as to use a lower ratio of CAB to available 
exchange sites in the clay used. The amount of clay used was calculated to 
give sufficient for a melt compounding trial using a Haake mixer. 
Calculation: 
Mass of Na-montmorillonite = 58g 
This is equivalent to 92.6 x 58/100 = 53.7meq exchangeable monovalent 
cation. 
Therefore CAB required = 53.7 millimoles 
Therefore mass of CAB = 53.7 x 351/1000 = 18.8g 
Assume an excess of 20% will be sufficient 
Then amount of Amphisol CG (solids = 38.7%) 
= 18.9 x 1.2 x 100/38.7 = 58g 
The calculated amount of clay was dispersed in a total of 2 litres of deionised 
water using a Waring blender and transferred to a 5 litre plastic container with 
a mechanical stirrer to maintain the clay in suspension. The calculated 
amount of Amphisol CG was added slowly over 10 minutes after which the 
suspension was acidified to pH3 (conc. HCI). Stirring was continued for a 
further 24 hours during which the pH was further adjusted as required. The 
organoclay was then harvested by centrifuging and washing as before using a 
Sorvall high-speed centrifuge fitted with 600ml buckets. The washed 
organoclay paste was spread onto aluminium foil and dried at 70°C as before. 
The dried clay was ground to as fine a powder as possible in a pestle and 
mortar. The final yield was 52g. 
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Sample 601A 
The purpose of this batch was to determine the effect of acidifying the 
suspension to pH4 rather than pH3. 
The organoclay (2.00g, equivalent to 1.85meq monovalent exchangeable 
cation), was suspended in 180ml deionised water using a mechanical stirrer. 
Ampholite CG (2.00g, 1.85mmole), was weighed into a separate beaker and 
the pH adjusted to 4.0 (0.1 M HCI, approx. 15ml). The acidified Ampholite was 
added to the clay suspension dropwise as before. 
The organoclay was harvested and washed by centrifugation as previously 
described. The final yield was 1.6g. 
Sample 6028 
The purpose of this batch was to observe the effect of preparing the 
organoclay at elevated temperature. 
The procedure for Sample 601A was followed, using the same amounts of 
Cloisite-Na and Amphisol CG. After adding the acidified Amphisol, the pH 
was 7.5 and was lowered to 4.0 with further 0.1 M HCI. The clay suspension 
was heated to 80°C using a hotplate and this temperature was maintained 
using a probe thermostat for 7 hours after which the pH was again measured 
(pH5.0) and again lowered to 4.0. 
The organoclay was harvested and washed by centrifugation as previously 
described. During the washing stage, it was noted that a portion of the 
organoclay remained floating on the supernatant after centrifuging. This was 
harvested and washed separately although it was found that this portion 
further split into 'sinking' and 'floating' fractions. These were again treated 
separately to give a total of three fractions for this sample. The final yields of 
the bulk, floating and sinking fractions were 1.3g, 0.1g and 0.3g respectively, 
giving a combined yield of 1.7g. 
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Experiment 2: Effect of Surfactant Concentration 
To determine the effect of concentration on surfactant uptake and basal 
spacing, sodium montmorillonite (1.00g) was suspended in deionised water 
(50ml) by stirring for 2 hours, after which the surfactant was added, followed 
immediately by sufficient hydrochloric acid to maintain the pH below 3. 
Stirring was maintained for a further 24 hours after which time the clay was 
harvested by centrifuge. To remove excess surfactant, the clay pellet was 
resuspended in deionised water (100ml) and centrifuged again. This was 
repeated six times for each sample. A range of samples was prepared by 
this method by varying the amount of surfactant relative to the weight of clay 
calculated on a charge basis, assuming one positive charge per molecule of 
betaine. The range was from 0.2 to 16 times the cation exchange capacity 
(CEC) of the clay. 
Experiment 3: Effect of pH 
To determine the effect of pH on surfactant uptake and interlayer spacing, the 
method of Experiment 1 was followed but using a constant surfactant:clay 
ratio of 8: 1 and varying the pH of the clay surfactant suspensions over the 
range 3-6. 
Experiment 4: Effect of Delayed Acidification 
On the basis of the results of the first two experiments, a further experiment 
was run in which the pH of the clay/surfactant suspension was not altered 
after mixing. After equilibration, the suspension was spun down as before 
and the supernatant was separated. Inspection of the pellet revealed a 
darker, more compact zone overlain by a bulkier, more gelatinous layer. 
These two layers were separated and washed by resuspending in deionised 
water and centrifuging as before. The lower and upper sediments were 
labelled 'Sediment l' and 'Sediment 2' respectively. The original supernatant 
was acidified to pH3 with hydrochloric acid to precipitate delaminated clay. 
This was allowed to settle for 24 hours after which it was harvested and 
washed as before. 
83 
Experiment 5: Final Large Batch Organoclays 
Sample 709A: High Spacing CAB·MMT Organoclay 
The objective of this preparation was to make a large batch of an organoclay 
with high basal spacing similar to that reported by Guo 98 and similar to 512A. 
To achieve this, the results of experiments 2 and 3 in this section were 
exploited so that a surfactant clay ratio of 4: 1, based on ion exchange 
capacity, and the sample was not initially acidified. 
Cloisite·Na (50g, 46.3meq), was suspended in 600ml deionised water in a 
Waring blender as for sample 512B and diluted to 2000ml with further 
deionised water. Amphisol CG (168g, 185mmole CAB) was added and the 
mixture was stirred at room temperature for 48 hours. The pH was monitored 
over this period and increased from 9.5 immediately after mixing to 9.81, 48 
hours later. After this period the pH was adjusted to 3 to bring down the 
dispersed clay, which was then harvested by centrifuging, washing and drying 
as before. The final yield was 52g. 
Sample 709B: Standard Spacing CAB·MMT Organoclay 
The objective of this preparation was to make a further batch of organoclay 
with spacing equivalent to 512B by using a lower ratio (3:1) and acidifying the 
clay suspension and surfactant before and during the ion exchange process. 
Cloisite·Na (50g, 46.3meq) was suspended in 600ml deionised water as 
before and diluted to 2000ml. The pH of the suspension was then adjusted 
with 1 M Hydrochloric acid to 3 and allowed to stand for 24hr after which the 
pH (now 4.34) was adjusted to 3.2 where it remained after two hours standing 
and was assumed to have stabilised. 
Amphisol CG (126g, 139mmole) was then adjusted to pH 3 (1M HCI) and 
added to the suspension which was then thoroughly mixed by stirring. The 
mixture was allowed to equilibrate at room temperature for 48 hours after 
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which the pH was 3.4. After this period the clay was harvested by the same 
procedure as 709A. The final yield was 51g. 
Sample 71207A 
The objective of this preparation was to make a further batch of organoclay 
with spacing equivalent to 512B and 709B by using a lower ratio (3:1) and 
acidifying the clay suspension to and surfactant to pH2 before and during the 
ion exchange process. In addition, this clay was dried by freeze drying to 
avoid the induration that resulted from oven drying, which made the clay 
difficult to grind. 
The clay was prepared by the same method as 709B, using 10g of Cloisite-Na 
and adjusting the amount of Amphisol CG proportionally. After harvesting by 
centrifuging and washing, the clay paste was dried under vacuum over 5 days 
in a Virtis benchtop SLC vacuum drying apparatus. The dried clay was 
ground in a mortar and pestle to pass a 300 mesh sieve. The final yield was 
9g. 
Sample 808 
The objective of this preparation was to make a batch of CABMMT organoclay 
sufficient for a masterbatch trial to give composites of 1 %, 3% and 5% 
organoclay content. 
Cloisite-Na (50g) was reacted with Amphisol CG (126g, 139mmole) at pH3 
using the same protocol as for 709B. After reaction, the clay was harvested 
by centrifuging and washing as before and the organoclay paste was freeze 
dried over 4 days. The dried organoclay was then ground to pass a 300 mesh 
sieve as before. 
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3.5 Characterisation of CAB-Montmorillonite Organoc/ays 
3.5.1 Fourier Transform Infrared Analysis (FTIR) 
Objective 
• To obtain spectral information about the CAB-montmorillonite 
organclays and confirm the presence of expected characteristic 
absorption bands. 
Method 
The sample was ground with spectral grade KBr using an agate mortar and 
pestle and pressed into a clear discs using a press and die (ex. Specac). 
FTIR spectra (KBr disc) were recorded on a Shimadzu 8400S spectrometer. 
Data was collected over the range 4000-400 cm-1 using 64 scans at a 
resolution of 4cm-1 at ambient temperature. 
3.5.2 Elemental Analysis 
Objective 
• To determine the carbon, nitrogen and hydrogen content of the 
organoclay samples 
• To determine the carbon:nitrogen ratio of the samples. 
Method 
The sample was combusted in oxygen and the gaseous products quantified 
using a Perkin Elmer 2400 CHN Elemental Analyser. A sample of dried CAB 
was also analysed by this procedure. 
3.5.3 Differential Scanning Calorimetry 
Objectives 
• To determine the melting range of CAB by Differential Scanning 
Calorimetry (DSC) 
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Method 
Thermal analysis was performed on a Thermal Solutions 2010 Differential 
Scanning Calorimeter controlled with Thermal Solutions software and data 
manipulation by Universal Analysis 2000. The sample was weighed into an 
aluminium pan which was closed with a lid without sealing. The sample was 
then heated to at 10°C/minute in a nitrogen atmosphere. 
3.5.4 Thermal Gravimetric Analysis 
Objective 
• To determine the onset temperature of thermal degradation of 
organoclays and PLAlorganoclay films 
Method 
The sample (20mg) was submitted for thermal gravimetric analysis and 
analysed on a Hi-Res Modulated TGA 2950 Thermogravimetric Analyzer (TA 
Instruments). The sample was heated to 600°C at 15°C/min in an air 
atmosphere. The sample weight and differential weight were calculated. 
3.5.5 X-Ray Diffraction Analysis 
Objectives 
• To obtain X-Ray Diffraction data from the organoclays 
• To confirm the intercalation of the montmorillonite by 
cocamidopropylbetaine 
Principle 
The technique of X-ray diffraction analysis (XRD) has been invaluable to the 
study of clay mineral structure. When a beam of X-rays irradiates a sample of 
a clay mineral, the beam is diffracted by the crystal structure of the mineral 
(Figure 25). The emerging beam is reinforced where the path difference of 
two parts of the beam is equal to a whole number of wavelengths of the 
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incident radiation. This reinforcement is detected as a peak in the resultant X-
ray diffractogram at a position equal to 28, where 8 is the angle of the incident 
beam to the surface of the refracting plane. In layer silicates such as 
montmorillonite, the basal spacing provides a clear signal which is 
characteristic of the mineral and which also changes as the basal spacing is 
increased by intercalation of larger molecules such as alkylammonium 
compounds or alkylamidobetaines. The schematic layout of a typical X-Ray 
diffraction analysis is given in Figure 26 
The relationship between the basal spacing (d), wavelength of radiation (A) 
and angle of the beam relative to the sample (8) is the so-called Bragg 
equation: 
nA=2dsin9 
where n = 1,2,3 ... 
Path 
Difference 
= 2dsin8 
Platelet {.L:..---------i------------...::,.. 
Figure 25. Diffraction of two X-ray beams of wavelength .. by parallel platelets of a 
montmorillonite tactoid and showing the role of the basal spacing (d) in satisfying the Bragg 
condition. 
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X-Ray 
Source 
Specimen 
Counter 
Figure 26. Schematic layout of an X-ray diffractometer showing the specimen position and the 
focusing effect due to beam divergence (exaggerated). 
Method 
Powder samples, (clays and organoclays), were pressed into a plastic powder 
sample holder and the surface smoothed level with the reference plane using 
a clean glass square. Small powder samples were placed on a pure silicon 
sheet. 
X-Ray diffraction data were collected on a Brucker 08 Oiffractometer using 
Cu-Ka radiation (1\ = 1.542nm), graphite filtered to remove ~-radiation. The 
diffractometer was controlled using Oiffrac Plus XRO Commander and the raw 
data was manipulated using EVA software. 
3.6 Preparation of PLA-Organoclay Nanocomposites by 
Solution Casting 
Method 1. 
The organoclay was suspended in chloroform, (5ml, dried over MgS04). 
Poly(lactic acid) (0.5g, dried in vacuo at 50·C) was dissolved separately in 
dried chloroform (10ml) and added dropwise to the clay/chloroform 
suspension over 10 minutes. The polymer/clay suspension was stirred for a 
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further 8 hours after which it was poured into a clean Petrie dish and the 
chloroform evaporated in a fumehood. The films were left in the fume hood 
for a further 16 hours after which there was no detectable odour of chloroform 
and the film was dry to the touch. The film was removed from the dish by 
cutting around the inner perimeter with a razor blade after which the film could 
easily be levered off the glass plate. The polymer films were stored between 
folded aluminium foil. 
Method 2 
The organoclay (0.1g-0.04g) was suspended in chloroform, (dried over 
MgS04,10ml). Poly(lactic acid) (PLA, 0.5g) was stirred in dried chloroform 
(10ml) to give a 5% solution which was then added dropwise to the 
chloroform/clay suspension. Stirring was continued for another 24 hours after 
which the suspensions were poured into clean glass Petrie dishes and left 
covered in a fume hood until the chloroform had evaporated. Typically this 
took 24 hours. The films were then dried in a vacuum oven (40·C, 24 hours), 
to remove residual traces of chloroform. The polymer films were then 
removed using a razor blade as before and stored in folded aluminium foil. 
The procedure used for Trial 1 gave dry, flexible films of typical thickness 
0.1 mm and of varying opacity, which increased with the clay loading. This is 
illustrated in Figure 27 and Figure 28 which present images of the polymer 
films laid over a dark background. The films showed an uneven distribution of 
clear and opaque zones with the distribution of the clear zones being 
crescent-shaped. The likely cause of this was the air current over the Petrie 
dishes while they were in the fume hood. The films prepared with Cloisite 
30B were more opaque than those prepared with CAB-montmorillonite. This 
can be attributed to a greater mineral content of the former as shown in 
section 3.4.5 (Le. Elemental Analysis) where the mineral content of Cloisite 
30B was calculated to be 77%, whereas that of the CAB-montmorillonite was 
lower at 54%. It was also observed that the film surface previously in contact 
with the glass was smooth whereas the upper surface which had been 
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exposed to the air was rougher and in the case of the 8% Cloisite 308 loading 
was distinctly chalky to the touch and some fine powder could be rubbed off it. 
It is possible therefore that the filler was partially rejected by the polymer 
which may have been a consequence of over rapid evaporation of the 
chloroform. The films produced in Trial 2 were optically much clearer and 
these were used for further characterisation. 
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Figure 27. PLA-organoclay films prepared by solvent evaporation (Method I). The organoclay 
used was CAB-montmorillonite. 
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Figure 28. PLA-organoclay films prepared by solvent evaporation (Method 1). The organoclay 
used was Cloisite 30B. 
93 
Figure 29. PLA-organoclay films prepared by solvent evaporation (Method 2). The organoclay 
used was CAB-montmorillonite. 
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Figure 30. PLA-organoclay films prepared by solvent evaporation (Method 2). The organoclay 
used was C30B. 
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3.7 Preparation of PLA-Organoclay Nanocomposites by Melt 
Compounding 
Materials 
The provenance of the PLA and organoclay are given in Chapter 1.1. For all 
experiments, the PLA (Hycail 1010) and the organoclays were dried under 
vacuum at 50·C for 16 hours the day before processing. After being removed 
from the oven, the containers were kept closed when not in use. It was found 
that when the temperature exceeded 70·C the PLA became brittle and cloudy 
and on processing, the melt viscosity dropped to zero. It was concluded 
therefore that the higher drying temperature had resulted in some degradation 
and this was the reason for keeping the drying temperature at 50·C. 
Apparatus 
For all melt compounding experiments the machine used was a Haake 
Polylab torque rheometer using roller rotors. Two views of the Haake 
apparatus are given in Figure 31 and Figure 32. The chamber volume of this 
configuration was 120ml and the rotor volume was 51 ml. 
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Figure 31. View of assembled mixing chamber of the Haake torque rheometer. 
Figure 32. The mixing chamber of the torque rheometer opened to show the roller rotors used In 
the melt compounding experiments. 
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Methods 
It was decided to seek a single set of processing conditions which would give 
a good dispersion and distribution of filler in the polymer by which the 
experimental fillers could be compared with the commercial filler, Cloisite 30B 
(C30B). The three variables considered were the processing temperature 
(rC), the mixing time (t, min) and the rotor speed (N, rpm). 
The amount of polymer used was calculated to give a fill factor of 0.7 in 
accordance with the maker's directions, as follows: 
• Chamber volume (A) = 120ml 
• Rotor volume (B) = 51ml 
• Therefore the void volume = A-B = 120-51= 69ml 
• Fill Factor = 0.7 
• Therefore volume required = 0.7 x 69 = 49ml 
• Melt Density of PLA (Hycail1010) = 1.2g.mr1 
• Therefore mass PLA required = 49 x 1.2 = 58.8g, rounded to 60g. 
As a starting point, the processing parameters reported by Pluta 42 were 
chosen because they were used for a system that most closely resembled 
that used for this study. This was using a counter-rotating mixer at a 
processing temperature of 180-195°C and rotor speed 60rpm with 10 minutes' 
mixing time. Good dispersions were reported with this method. 
A series of experiments were performed where the three processing 
parameters were varied and their effects on the processed polymer were 
assessed by visual inspection and WAXS. The process of introducing the 
polymer and filler to the rheometer was also studied in later trials. The trials 
are summarised in Table 25. 
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Trial 1: Effect of Rotor Speed 
Three experiments were performed where the processing temperature was 
set at 190°C, the processing time was 10 minutes and the rotor speed was set 
to 60, 85 and 110 rpm. The dried filler and PLA were mixed in a 
polypropylene cup by stirring with a spatula to coat the polymer pellets. It was 
noted in this trial and subsequent trials that a portion of filler remained 
unmixed at the bottom of the cup. The mix was then charged into the 
rheometer, the plunger applied and the mixing started. After mixing, the 
composite was discharged by dismantling the chamber and scraping out the 
contents. 
Trial 2: Effect of Rotor Speed at a Lower Processing Temperature 
Again three experiments were performed with the temperature set to 170°C to 
increase the melt viscosity and the rotor speed was set to 100, 120 and 
140rpm to greatly increase the mixing intensity while the mixing time was kept 
at 10 minutes. 
Trial 3: Effect of Processing Time 
In this trial, the effect of prolonging the mixing time was investigated. The 
processing temperature was set at 170°C and the rotor speed kept constant 
at 100rpm. The processing times tested were: 6, 10 and 20 minutes. The 
same method of charging the mixer used in trials 1 and 2 was used. 
Trial 4: Trial with Experimental Organoclays 
For this, and subsequent trials, the standard processing parameters adopted 
were; 170°C chamber temperature, 10 minutes mixing time and 100rpm rotor 
speed. In this trial the experimental organoclays 709A and 709B were added 
by the 1-step method, i.e. the entire clay and polymer pellets were pre-mixed 
before charging the mixing chamber. 
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Trial 5: Effect of Method of Organoclay Addition 
In this trial, the effect of changing the method of charging the mixing chamber 
was studied. The processing conditions were: T=170·C; t=10min and 
N=100rpm. The mixing chamber was charged with a small portion of the 
polymer which had not been mixed with the filler and this was processed for 1 
minute in order to melt it onto the rollers and coat them. The remaining 
polymer and filler was then blended and charged into the mixing chamber and 
the processing was then continued for 10 minutes. The fillers used in this 
study were C30B and the experimental organoclay 71207 A. 
Trial 6: Effect of a Masterbatch Method 
In this trial, the effect of using a masterbatch to produce the nanocomposites 
was studied. The processing conditions were the same as Trial 4, i.e. 
T=170·C; t=10min and N=100rpm. The masterbatch was prepared by melt 
compounding PLA with 20% organoclay filler in the same way. This 
masterbatch was then cut up while still warm enough to be pliable but cool 
enough to be handled comfortably. Batches containing 1 %, 3% and 5% 
organoclay were then melt compounded by adding appropriate amounts of 
masterbatch and processing as before. For this trial, 3 batches of each 
treatment were made in order to provide sufficient material for other 
experiments which enabled the variability of the effect on temperature and 
torque to be detenmined. 
In this trial, the experimental organoclay 512B was also used to make a 
masterbatch and nanocomposites. 
Trial 7: Masterbatch Method using Freeze-Dried Experimental 
Organoclay 
For the final trial, the experimental organoclay 808 was used to prepare a 
masterbatch as in Trial 5 using the same processing conditions. This 
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masterbatch was then used to prepare samples containing 1 %, 3% and 5% 
CABMMT (as 808) using the processing conditions of Trial 4 (170·C, 10min, 
100rpm). 
For all trials, the processing temperature and torque were recorded over the 
duration of the run. Processed samples were granulated and pressed into 
sheets of size 90mm x 90mm x 1 mm at 180·C using 10 tonnes ram pressure 
for 3 minutes and quenched on water cooled plates for 3 minutes so as to 
obtain amorphous samples. The PLA-organoclay composites were 
characterised by the methods described in sections 3.4. 
Table 25. Processing parameters and filler addition methods used in the melt-compounding 
trials. 
Trial Fillers Temperature Time Rotor Speed Filler Addition Sample 
·C min rpm Method Codes 
1 C30B 190 10 60 l-step 71206M 
85 71206N 
110 80116F 
2 C30B 170 10 100 l-step 80129G 
120 80129H 
140 801291 
3 C30B 170 6 100 l-step 80222B 
10 80222C 
20 80222A 
4 709A 170 10 100 l-step 80222F 
709B 80222D 
5 C30B 170 10 100 Pre-melt 80226A 
71207A 80226B 
6 C30B 170 10 100 Masterbatch 80626K 
512B 80703K 
7 808 170 10 100 Masterbatch 80917G 
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3.8 Characterisation of PLA-Organoclay Nanocomposites 
3.8.1 Optical Microscopic Examination of PLA-Organoclay 
Nanocomposites. 
Objective 
• To examine the microstructure of the nanocomposites made by 
melt-compounding. 
Method 
A specimen of the nanocomposite was melted between a clean glass 
microscope slide and coverslip by heating at 180'C and pressing. The 
sample was then examined under dark field illumination using a Leica DMLM 
Binocular Transmitted Light Microscope with x10 objective and x10 eyepiece. 
Samples from Trial 3 and Trial 6 were taken for comparison. 
3.8.2 Differential Scanning Calorimetry 
Objectives 
• To determine the melting range of cocamidopropylbetaine. 
Method 
Thermal analysis was performed using the apparatus described in section 
3.2.6. The specimen was weighed into an aluminium pan, which was closed 
with a lid without sealing. The specimen was then heated from ambient 
temperature to 190·C in a nitrogen atmosphere, equilibrated for 1 minute, 
cooled to 20·C, equilibrated for 1 minute and finally heated to 190·C. All 
heating and cooling were done at 10·C.min-1• 
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3.8.3 X-Ray Diffraction Analysis 
Objectives 
• To obtain X-ray diffraction data from the organoclays 
• To confirm the intercalation of the montmorillonite by 
cocamidopropylbetaine. 
Method 
X-ray diffractograms were prepared from the pressed sheets by placing them 
on an aluminium block in the beam path. The height of the block was 
adjusted for each specimen so that the surface was always at the reference 
plane of the instrument 
X-ray diffraction data were collected on a Brucker D8 Diffractometer using Cu-
Ka radiation (11 = 1.542nm), graphite filtered to remove l3-radiation. The 
diffractometer was controlled using Diffrac Plus XRD Commander and the raw 
data was manipulated using EVA software. 
3.8.4 Transmission Electron Microscopy (TEM) 
For TEM analysis, specimens were embedded in cured epoxy resin and cut to 
100um thickness with a Cambridge Instruments Ultramicrotome. Microscopy 
was done using a JEOL 100CX Transmission Electron Microscope. For each 
sample, one representative image at x10k magnification and three images at 
x100K were recorded. The x10k image was selected to show the overall 
distribution and orientation of the filler particles while the x100k images were 
selected on the basis of showing evidence of intercalation or exfoliation. 
3.8.5 Dynamic Thermomechanical Analysis (DTMA) 
To investigate the viscoelastic behaviour of the nanocomposites, samples of 
size 50mm x 8mm were cut from the sheets and tested on a DMA 0800 
Thermal Analyser (ex. TA Instruments) in 3-point flexion mode using a dual 
cantilever clamp. The cycling frequency was 1 Hz and the temperature 
sweep was from -20'C to 80'C at a temperature ramp of 3·C.min·1• 
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3.8.6 Biodegradability of PLA-Clay Nanocomposites 
The biodegradation of PLA and PLAlC30B nanocomposites was studied by 
subjecting them to a matrix of two temperature regimes, (room temperature 
and SO·C) and two media (air and horticultural compost), giving four regimes 
in total (Air I Room Temperature; Air I SO·C; Compost I Room Temperature; 
Compost I SO·C). Composting was done in screw-capped glass jars (100ml 
capacity) containing either compost or no compost as appropriate. The 
moisture content of the compost was standardised by adding a slight excess 
of water and gently squeezing the compost by hand to remove the surplus 
water. The compost was then homogenised by mixing in a large container to 
give a uniform moisture content throughout the medium. 
Samples of PLA and PLAlC30B nanocomposite from containing 1 % and 3% 
by weight of organoclay were hot-pressed at 180·C to sheets of O.Smm 
thickness. Specimens for testing of dimension 1Smmx1Smm were cut from 
these sheets to give S specimens per treatment. Each specimen was initially 
weighed and added to a jar at random. The jars were then closed and placed 
in the appropriate temperature regimes. At intervals of seven days, the 
specimens were carefully removed, any compost was removed with a soft 
paintbrush and weighed. The moisture content of the compost in each jar 
was maintained by weighing the jars at the start of the experiment and 
checking the weight periodically: if the weight changed by more than O.Sg, 
deionised water was added to bring the total weight back to the starting 
weight. The appearance of the specimens was also noted and photographs 
were taken of the specimens at 39 and 47 days. 
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4 Results and Discussion: CAB and CAB-
Montmorillonite Organoclays 
1.1 Preparation and Characterisation of 
Cocamidopropylbetaine 
1.1.1 Determination of the Solid Content of 
Cocamidopropylbetaine Solution 
Table 26. Determination of solid content of CAB solution by oven drying in air and 105°C. 
Dish 1 2 
Mass of Dish. 9 44.9555 42.3282 
Mass of Dish + solution, 56.5230 59.9176 
9 
Mass of Dish + oven dry 49.1576 48.7095 
sample, 9 
Calculated solids, % 36.33 36.28 
Mean Value, % 36.3 
Table 27. Determination of solid content of CAB solution by drying under vacuum at 70°C. 
Dish 1 2 
Mass of Dish, 9 44.9548 42.3265 
Mass of Dish + solution, 57.0725 54.3599 
9 
Mass of Dish + oven dry 49.4803 46.8554 
sample, 9 
Calculated solids, % 39.81 37.63 
Mean Value, % 38.7 
Both samples yielded pastes on drying. Drying the solution at 105°C gave an 
average solid content of 36.3% with the replicate values differing by 0.05% 
(Table 26). Drying at the lower temperature of 70°C although under vacuum 
gave a slightly higher figure of 38.7% with a greater difference between the 
replicates (2.18%). The sample dried at 105°C was noticeably brown on the 
surface and had a slightly 'fishy' odour suggestive of amines, indicating that 
thermal degradation had occurred whereas the sample dried at 70°C was an 
opaque white with no odour. The supplier reported that the 'in-house' method 
was to dry at 105°C although no information about the appearance of their 
dried sample was given. It was concluded that drying at 70°C under vacuum 
was the preferred method so as to give an undegraded sample for further 
tests. 
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4.1.1 Fourier Transform Infrared Analysis (FTIR) 
Being zwitterionic, the cocamidopropylbetaine molecule contains both a 
carboxyl group and a quaternary ammonium group in addition to a secondary 
amide and an alkyl chain, (see Figure 39). Therefore there are a number of 
characteristic bands to be seen in the sample spectrum given in Figure 33. 
Alkyl chains show characteristic C-H stretching bands in the region 3000-
2850cm-1 and these are seen in the sample spectrum as a pair of bands at 
2922 and 2900cm·1• These bands are very strong because of the long alkyl 
chains present. 
Amides have several diagnostic bands. The amide I band is due to c=o 
stretching and in secondary amides this is found in the range 1680-1630cm·1 
in solid samples. Thus the absorbance at 1632cm·1 is at the lower end of this 
range. There is a weaker peak around 1628cm-1 and this may be due to the 
betainic carboxyl group which is usually present as the anion although 
betaines should show a signal at 1633cm'1, which was used by Leifer and 
Lippincot to confirm the structure of glycinebetaine in 1957142. At that time, 
alternative structures containing free -COOH groups had been proposed. 
However, these would show a strong signal in the region of 1725cm-1 which is 
absent in this spectrum, thus confirming that the carboxyl group is always 
ionised in the free solid. They also confirmed that there is always one 
associated water molecule with the betaine molecule and this shows up as a 
shoulder around 3376cm-1 on the >CH2 signal at 3323cm-1. 
The Amide 11 band is due to N-H stretching in the amide group. In secondary 
amides this would be expected to appear in the region 1570-1510cm-1 and the 
spectrum shows a strong, clear peak at 1548cm-1 which may be assumed to 
be this band. 
Other bands of interest, though not necessarily diagonostic are that at 
1464cm-1 (>CH2 scissoring) and 720cm-1 (skeletal -CH2- rocking). The 
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spectrum therefore is consistent with the known structure of the compound 
which was confirmed by the NMR studies described in section 4.1.4. 
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Figure 33. Fourier transform infra-red spectrum of cocamidopropylbetaine. 
4.1.2 Elemental Analysis 
The elemental composition of the dried CAB was found to be: 51.6% carbon; 
8.8% hydrogen and 5.7% nitrogen. The carbon:nitrogen ratio of the CAB was 
calculated to be 9.1. These results are discussed in more detail with the 
elemental analyses of the organoclays in section 4.3.5. 
4.1.3 Optical Microscopy Studies on Cocamidopropylbetaine 
One sample was examined, which was the solid cocamidopropylbetaine 
obtained by drying under vacuum at 70·C and is shown in Figure 34. 
107 
Figure 34. Dried cocamidopropylbetaine paste seen at xlOO magnification under bright field 
illumination. 
Under bright field illumination, the sample appeared largely amorphous with 
significant quantities of crystals in the form of long prisms. Further inspection 
showed them to have apparently rounded ends suggesting they had partially 
melted rather than being broken. The crystals varied in size and one of the 
larger crystals can be seen in the centre of the figure. This crystal is 
approximately 160IJm in length. The prismatic form was inferred by there 
being two striations along each crystal, which could be conferred by a 
hexagonal cross section similar to that of a pencil. 
Following the observations described in section 4.1.6, a sample was mounted 
on a hot stage and heated to 60°C and 1°C/min under continuous 
observation. No change in the crystals was seen and it was concluded that 
the irreversible endotherm at the onset temperature of 3rc was not due to 
the melting of these crystals. No change in the amorphous portion was seen 
during this experiment. 
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Further examination of the sample under crossed polars did not show any 
evidence of birefringence in either the amorphous portion or the crystals. 
In a subsequent experiment, a second sample of CAB was heated to 160°C at 
10°C/min in order to observe the melting behaviour of the material. Again the 
observations were made at 100x magnification. At 70°C, the amorphous 
portion of the sample began to melt, revealing the prisms more clearly, while 
small square crystals became visible, which can be seen in Figure 35. 
Around 120°C, the squares began to melt, becoming more rounded. At 
135°C, large blobs of material had formed which continued to expand and 
flow into each other. There were no further changes up to the maximum 
heating temperature of 160°C. On cooling, the blobs contracted, leaving 
striated trails connecting them as they did so (Figure 36). When the sample 
had cooled to ambient temperature, the trails appeared to be birefringent 
while the blobs were surrounded by coloured halos. Under crossed polars, 
the blobs showed the Maltese cross patterns indicating that some 
crystallisation or at least an ordered structure had formed within them, (see 
Figure 37 and Figure 38). As these represented the bulk of the material, it 
was inferred that these blobs represented the main component of the 
specimen, in other words the cocamidopropylbetaine itself. The presence of 
the Maltese cross pattern is evidence that the CAB is capable of some degree 
of crystallisation, the extent of which is likely to be a function of the combined 
effects of the alkyl chains which would tend to give an amorphous structure 
and the presence of the strongly polar betaine group and the less polar amide 
group which together would encourage some ordering and crystallinity. The 
needle prisms did not melt at all during this experiment, nor did they appear to 
dissolve in the molten bulk phase: rather they were pushed together as the 
bulk phase expanded from which it is concluded that the needles represented 
a component of the surfactant that was not chemically compatible with the 
surfactant. It is known that amidoamines are a common by-product of the 
commercial synthesis of alkylamidobetaines and it is suggested that the 
needle crystals may represent this component of the surfactant. 
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Figure 35. Molten cocamidopropylbetaine (160°C) viewed at IOOx magnification under bright 
field illumination. 
Figure 36. Recooled cocamidopropylbetaine viewed at IOOx magnification under bright field 
illumination. 
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Figure 37. Recooled cocamidopropylbctainc viewed at IOOx magnification under crossed polars. 
The plane of focus is on the birefrigent material. 
Figure 38. Reeooled cocamidopropylbeta ine viewed at tOOx magnification under crossed polars, 
showing crystallitc patterns. 
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4.1.4 Nuclear Magnetic Resonance Spectroscopy 
The structure of CAB is given in Figure 39 and the 1H NMR spectrum of the 
CAB sample is shown in Figure 40. The different proton environments are 
indicated as '8' to 'h'. The carboxyl proton is exchangeable and therefore 
does not give a signal. The methylene protons denoted as b' are all 
equivalent with the exception of protons at b which are partially deshielded by 
the carbonyl bond of the amide group. The methyl protons at position 8 gave 
a complex signal rather than a triplet which would normally obtain for a methyl 
at the end of an alkyl chain, indicating the possibility of various alkyl chain 
lengths. Protons at c (2.18ppm) are deshielded by the amide carbonyl bond 
whereas the d protons (3.54ppm) are more deshielded by the amide nitrogen 
and split by the methylene protons at e thus giving a complex signal. In their 
turn, the protons at e are partially deshielded by d and' and so are easily 
distinguished from the alkyl chain methylene protons. 
b' b d f ~OH 
AeA +~ N" V'"N 0 
I ' • H H3C CH3 a b' c 
g g 
Figure 39. Structure of cocarnidopropylbetaine showing the proton environments distinguished 
in the 1 H nmr spectrum. 
The methyl protons at g are strongly deshielded by the quaternary nitrogen 
and therefore give a signal around 3.2ppm. Similar deshielding is 
experienced by the protons at position' and so their signal coincides with that 
for g. This leaves the methylene protons at h which experience the strongest 
deshielding by both the carboxy group and the quaternary nitrogen and so 
appear at 3.81 ppm as a singlet, there being no vicinal protons for coupling. 
These deductions are summarized in Table 28. 
112 
The integration of the peak signal areas can be used to gain an estimate of 
the average alkyl chain length. The combined alkyl chain methylene signals 
(b'+ b) indicate 18 protons which in tum indicates 9 carbon centres. To this 
can be added one methyl carbon (a), one methylene adjacent to the carbonyl 
(c) and the carbonyl carbon itself, giving an average alkyl chain length of 12 
carbon centres. 
The 13C spectrum (Figure 41) of the sample was also recorded, using the 
process of Distortionless Enhancement by Polarisation Transfer (DEPT) to 
improve the sensitivity of the technique. The lower trace shows the initial 
spectrum and the upper trace shows the transformed spectrum after applying 
DEPT. Carbonyl carbons are clearly seen at 171 and 179ppm along with a 
complex pattem of alkane carbons in the region 10-80ppm. The trace 
showed ten carbon environments which corresponded to the ten easily 
identifiable environments in the molecule in Figure 39. Although this 
spectrum could be similarly decoded to confirm the structure, a more useful 
piece of information is gained by closer examination of the region around 
16.4ppm which corresponds to the terminal -CH3 group in the alkyl chain 
(Figure 42). This shows 5 distinct signals which is evidence of five different 
alkyl lengths. The peak areas of these signals can be integrated to give an 
indication of the relative amounts of each chain. The peak area data are 
summarized in Table 29 and indicate that the CAB is dominated by two 
components comprising 54.4% and 31.8% of the total respectively, with the 
remaining three components representing 13.8% of the total. 
Table 28. Peak assignments for the nmr signals shown in 
Shift, ppm Signal Type No. of Protons Location 
(see Figure 39) 
0.81 m 3 a 
1.22 s 16 b' 
1.53 m 2 b 
1.93 t 2 e 
2.18 t 2 c 
3.18 m 8 g + f 
3.54 m (complex) 3 d (+ possible amide 
N-H) 
3.81 s 2 h 
s=singlet; d=doublet; t=triplet; m=multiplet 
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Figure 40. 1 H-NMR spectrum of cocamidopropylbetaine in CDCI3. 
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Figure 41. 13C nmr spectrum of cocamidopropylbetaine in CDCI, 
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Figure 42. 13C spectrum of cocamidopropylbetaine in CnCI,: expansion of 16ppm region 
Table 29. Chemical shifts, peak areas and peak area percentages of the five alkyl terminal 
methyl regions in the 13C spectrum of cocamidopropylbetaine. 
Chemical Shift Integrated Peak Area % of Total Peak Area 
16.537 -16.424 165.3 54.4 
16.367 12.3 4.1 
16.306 16.8 5.5 
16.167 12.7 4.2 
16.035-16.015 97.0 31.8 
Total 304.1 100.0 
4.1.5 Gas Chromatographic-Mass Spectrometric Analysis 
The GC-MS trace for the acid hydrolysed sample of CAB is shown in Figure 
43. The alkaline hydrolysed sample did not show any peaks other than that 
due to residual reagent, which eluted at 7.711 minutes. The trace showed 
three major peaks and two lesser peaks eluting later. The mass 
spectrograms of the three major peaks were compared to an internal library 
and the results are given in Table 30. Good matches were obtained for 
115 
methyl esters of fatty acids that would be expected to be found in the sample, 
namely decanoic acid (C10); dodecanoic acid (C12) and tetradecanoic acid 
(C14). The relative peak heights suggested that the dominant fatty acid was 
dodecanoic acid with approximately equal amounts of the other two acids. 
Table 30. Elulion limes and library malches for methyl eslers orratly acids oblained by acid 
hydrolysis of cocamidopropylbelaine. 
Elution Time, min 
11.363 
14.089 
16.440 
Slm~ ID: Acid .... ' 
5O_UO"1OQnO 
~ 
•• 
I 
I 
'
I .... 
U'O 
I. I, i ,\ 
o r .. _~ ,'- '0 • "' __ J • • 
6.000 _ 1000 
.. ~ 
!. 
'0000 _ '2000 
Library Match 
Decanoic acid. methyl ester 
Dodecanoic acid. methyl ester 
Tetradecanoic acid. methyl ester 
Degree of Match 
(1000=perfect 
match) 
887 
937 
859 
... equl ..... on M.Apr.21lQfi 0' 03:51:35 
_El.! 
"' ,-
" ; 
Figure 43. GC-MS trace of an acid hydrolysed and melhyl eslerified sample of 
cocamidopropylbelaine. 
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4.1.6 Differential Scanning Calorimetric Analysis 
The purpose of the first experiment was to gain an approximate crystalline 
melting point and the trace obtained is shown in Figure 44. There appeared 
to be two endotherms indicating first order transitions: a well defined one 
starting at 36°C and a broader one starting around 70°C On cooling, an 
exotherm was present at the temperature of the higher endotherm which is 
consistent of a melting event. However, the lack of a cooling exotherm to 
accompany the endotherm at 36°C does not fit this behaviour. 
It was possible that some irreversible change accompanied the 70°C 
endotherm that prevented a cooling exotherm at 40°C and for this reason the 
second experiment was run. This had the effect of cooling the sample before 
the second endotherm to remove its influence on the sample. This is shown 
in Figure 45 where it can be seen that the endotherm again occurred with no 
accompanying cooling exotherm. Observation of this phenomenon led to the 
hot-stage experiment described in section 3.1.1. 
On confirming the onset decomposition temperature of CAB to be 225°C by 
TGA (section 4.1.7), a third experiment was run, heating the sample to 200°C 
without decomposing the sample (Figure 46). From this it can be seen that 
the sample gave three endotherms with onset temperatures of 36°C, 70°C 
and 10rc respectively. 
It is known that the thermograms of long chain molecules such as oils, fats, 
waxes and soaps exhibit several transitions attributed to polymorphic 
behaviour. For example, some metal soaps may exhibit up to 5 transitions 
before reaching the true melting point143• However, as polymorphic transitions 
are reversible 144 the transition at 36°C in the sample cannot be one of these. 
The thermal behaviour of CAB is therefore somewhat complex and remains to 
be investigated further. 
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Figure 44. DSC trace of cocamidopropylbetaine heated from _20°C to 130°C 
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Figure 45. DSC trace of cocamidopropyl betaine heated from -20°C to 60°C with subsequent 
cooling. 
118 
1 
I 
Sample: CAB 701vac 
Size: 94000 mg 
Comment· 10·CJmln 
DSC File: A \DSC\6PLA\Am060,.002 Operator: ARM 
Run Date" l7·Jan.06 16"16 
02~--------------------------------------------, 
00 
a 
~ 
§ 
-02 
u: 
.. 
~ 
:I: 
-04 
l5 12"'C 
1 534J/g 
4053"C 
6994"'C 
6756J1o} 
.. aa'C 
13733"'C 
-06+---__ --_,,-------__ --~----~------_,--------~ 
·50 o 50 100 150 200 
ExoVp Temperature r"q 
Figure 46. DSC trace of cocamidopropyl betaine heated from O°C to 200°C 
4.1.7 Thermal Gravimetric Analysis 
The TGA thermogram for the sample of cocamidopropylbetaine is shown in 
Figure 47. The onset of degradation was 225°C with accompanying sharp 
weight loss to 21.4% of the original sample weight. A further degradation 
event occurred at 550°C leaving 12% of the original mass and a third and final 
event commenced at 825°C after which all the sample was lost 
The region 40-150°C was expanded for further inspection because this was 
the region showing two endotherms during DSC (section 4.1.6). This allowed 
comparison of the gravimetric and calorimetric events. TGA data below 40°C 
was not collected on this run therefore comparison between 20 and 40°C was 
not possible. However, this region showed a loss of approximately 0.6% of 
the original sample mass occurring between 40 and 51°C. This did not 
correspond exactly with the first endotherm seen in the DSC studies, as this 
occurred between 36 and 44°C, although as two separate instruments and 
samples were used, there may have been some operational mismatch 
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between the datasets. It was unlikely that the loss in mass was due to solvent 
loss as the sample had already been dried under vacuum at a higher 
temperature which would have removed such material to begin with. The 
expanded trace indicated a continual but small loss in mass over this range 
although there was a maximal rate of weight loss at 111·C which may have 
been related to the onset of the third endotherm at 10rC as observed in the 
DSC analysis. 
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4.1.8 Solubility Parameter 
The interactions between a polymer and a filler are dictated by two types of 
factor: entropic factors which influence the mass movement of polymer into 
the interlayer spaces of the clay tactoids during processes such as solvent 
casting and melt intercalation, and enthalpic factors which influence the 
relative compatabilities of the polymer and the organoclay. 
It should be noted that the crystallinity of a polymer also influences its 
solubility behaviour so that a crystalline polymer only dissolves at or just 
below its crystalline melting point. As poly(lactic acid) is usually in its 
amorphous state unless it has been annealed, this is unlikely to be of 
significance, however. 
The main property influencing the enthalpic behaviour is the so-called 
"cohesive energy density" proposed by Scatchard in 1931 and later developed 
by Hildebrand who in turn introduced the concept of "solubility parameter" 
which is commonly denoted by ?i (delta). The solubility parameter is defined 
as the square root of the cohesive energy density (Ecoh) in the amorphous 
state such that: 
{) m ~ E;h (dimension: J1/2 I cm3/2 ) 
Where 
Ecoh = cohesive energy density in J/cm3 
V = molar volume in cm3.mor1 
The parameter Ecoh of a low molecular weight compound is related to its 
internal pressure and therefore can be calculated from its heat of 
vapourisation. This is not possible with high molecular weight compounds 
such as polymers and thermally unstable compounds which would undergo 
thermal degradation before or on vapourisation. In these cases, an 
alternative experimental procedure is to test the solubility of the substance in 
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a range of solvents of known solubility parameter; the polymer will swell (in 
the case of crosslinked polymers) or dissolve (linear polymers) in solvents 
whose solubility parameter are similar to or match its own. 
From these experiments it has been possible to derive tables of group 
contribution values from which Ecoh can be estimated usually to within 10% 
of experimental values145. Although many people have produced tables of 
group contribution values, the ones most commonly referred to are those of 
Fedors 146, Van Krevelen 145, Hoy147, Small and Hoftyzer- Van Krevelen 148. 149. 
Some authors list a related property, the molar attraction constant, F where: 
F = ~(Ecoh x v) (at 298K) 
From which li may be calculated by the relation: 
More recently, the relationship between solubility parameter and other 
properties, such as infrared absorption, have been investigated 150. 
The solubility parameter is a useful quantity which enables some predictions 
to be made about the behaviour of candidate materials such as the fate of 
drugs in polymer encapsulants or of polymers in paint formulations for 
example. Substances with similar solubility parameters are likely to be more 
compatible or miscible with each other, although this can be mitigated by 
large differences in molecular structure. It is logical therefore to consider this 
parameter when evaluating organic modifiers for use in clay-polymer 
composites. This approach was used to assess candidate organoclays for 
use with poly(lactic acid) where the solubility parameters of three Cloisites, 
15A, 25A and 30B were calculated and compared with that of PLA. The 
calculations for PLA used by the authors are given in Table 31 and the 
comparisons with various Cloisite organoclays are given in Table 32. These 
authors used a simplified approach in that the molar volume was calculated 
using the group contributions according to Fedors and this value was then 
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applied to all the various authors' systems. It should be noted that some 
authors use values for Ecoh, whereas others use values for F (the molar 
attraction constant) and these are indicated in Table 31. 
From Table 32 it can be seen that the solubility parameter of Cloisite 30B is 
closer to that of PLA than those of Cloisites 25A and 15A. In melt 
compounding trials119, it was found that Cloisite 30B intercalated more readily 
than either 25A or 15A, despite the fact that the 15A had a higher loading of 
modifier and a greater basal (d) spacing compared to 30B, showing that these 
two parameters are not necessarily the best predictors of behaviour of 
organoclays with polymers. It was hypothesised that the two hydroxyethyl 
groups in Cloisite 30B conferred a greater degree of interaction of the 
organoclay with the PLA enabling better dispersion. 
Table 31. Calculation of solubility parameters ofpoly(L-lactic acid) (PLLA) by group 
contribution methods 
Molar Volume Fedors Van Hoy(F) Small(F) Hoftyzer 
Group Ecoh Krevelen and Van 
Contribution, (J/mol) (F) Krevelen 
V (cm3/mol) (E) 
-coo- 18 18000 512 668.2 634 13410 
-CH< -1 3430 140 176 57 420 
-CH3 33.5 4710 420 303.4 438 9640 
Sum 50.5 26140 1072 1147.6 1129 23470 
is 22.75 21.23 22.72 22.36 21.56 
Table 32. Solubility parameters of PLLA and C1oisite™ organoclays as calculated by group 
contribution methods. 
Fedors Van Krevelen Hoy Small Hoftyzer and Van Krevelen 
PLA 22.75 21.23 22.72 22.36 21.56 
Cloisite 30B 21.44 19.49 18.73 
Cloisite 25A 17.23 16.45 15.65 
Cloisite 15A 18.13 16.91 16.74 
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4.1.8.1 Solubility Parameter Calculation 
In order to compare the solubility parameter of the hydrogenated tallowalkyl 
modifier of Cloisite 30B with that of cocamidopropylbetaine (CAB), three 
methods of calculation were used, namely Hoftyzer-Van Krevelen, Hoy and 
Fedors. The methodology was used as described in examples given by 
Krevelen 145. Although none of the tables of parameters listed by these 
authors give values of Ecoh or F for the quaternary ammonium group (RiN+), 
the values for the tertiary amine groups were used as an approximation in 
both samples as was done by Krikorian and Pochan 119(personal 
communication). This was only possible for the three methods listed as the 
tables of values given by Small and Hoftyzer-Van Krevelen do not include 
tertiary amino groups which is why these values are not listed for the Cloisite 
organoclays in Table 32. 
The calculation methods are given below: 
Method of Hoftyzer - Van Krevelen: 
This method is based on Hansen's assumption that: 
Ecoh = Ed + Ep + Eh so that: 
",2_" 2+", 2+" 2 VI - Vd Vp Vh 
Where: 
6-~ 
p V 
So, using published values for group contributions, the values are obtained as 
shown in Table 33. 
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Table 33. Calculation of the solubility parameter of PLLA by the method of Hoftyzer - Van 
Krevelen. 
Group Fdi Fpl Fpi' Ehi V delta d delta p delta h 
J 1l2.cm3J2 J ii2.cm3i2 J.mor' 
(Fedors) 
cm'/mol 
-CH3 420 0 0 0 
-coo- 390 490 240100 0 
=CH- 80 0 0 7000 
SUM 890 490 240100 7000 50.5 17.624 9.703 11.773 
~2 310.597 94.15 138.61 
~ 23.31 
Method of Hoy 
In Hoy's method, the final value for 6, can be calculated without having to 
calculate the components. This is useful as these latter calculations require 
knowledge of the boiling point and critical temperature of solvents or 
monomolecular species. Again, several parameters are defined: 
Ft (molar attraction function) where: 
F, =W,F,.1 
Fp (polar component) where: 
V (molar volume) where: 
v=w,v, 
l:J.(P)T is a correction for non-linearity, derived by Hoy, where: 
I'P) = W!!,.(P) T I T,I 
Finally the solubility parameter is calculated by the relation: 
Wh 0.5 ere n = """(P) 
/'1 T 
o = F+(Bln) 
I V 
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Again, using published values for the group contributions, the values are 
obtained as shown in Table 34. 
Table 34. Calculation of the solubility parameter of PLLA by the method of Hoy 
Group Ft Fp ,6tP't V atp1 n (it 
-CH3 303.4 0 0.022 21.55 
-COO- 640 528 0.05 23.7 
-H 176 0 0.013 9.56 
SUM 1119.4 528 0.085 54.81 1.20 5.88 21.28 
Method of Fedors 
Mathematically this is the simplest method, requiring only the summation of 
the values of Ecoh and division of the sum (LEcoh) by the molar volume, V. 
The results are shown in Table 35. 
Table 35. Calculation of the solubility parameter of PLLA by the method of Fedors. 
Group EeoH V EeoHN c5t 
J.mor' cm3·mor' J.cm·' 
-CH3 4710 33.5 
-COO- 18000 18 
=CH- 3430 -1 
SUM 26140 50.5 517.62 22.75 
These calculations were then applied to the organic modifiers. As these 
modifiers contain mixtures of alkyl chains of varying lengths, some account 
had to be made for this and it was decided to use a percentage averaged 
value for chain length in each case (CAB and C30B). 
Thus by the methods of Hoftyzer - Van Krevelen obtain the values in Table 
36 and Table 37 are obtained, while the values by the methods of Hoy and 
Fedors are shown in Table 38 and Table 41 respectively. 
It can be seen in Table 42, which is a summary of the calculated values of ct, 
that those of the C30B modifier and CAB are very close to each other when 
calculated by the methods of Hoy and Fedors. The values calculated by the 
method of Hoftyzer - Van Krevelen are substantially different. However, 
although Krikorian and Pochan reported that the value for C30B was close to 
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that of PLLA. However they used a simplified method rather than the detailed 
method described in the reference text, which was used in this study. This 
shows how the results of these numerical analyses are sensitive to small 
differences in the constants used as well as the calculation method. Indeed, it 
is generally accepted that several calculation methods should be used and an 
average taken. 
Table 36. Calculation of the solubility parameter of CIDisite 30B modifier by the method of 
Hoflyzer-Van Krevelen. 
Number Ehix V 
Groues (N) Fdi Fdi x N Ff!i Fei x N Fe i2 Ehi N {Fedors} delta d delta e 
J"2.cm3l2 J1I2.cm312 J/mol cm3/mol 
·CH3 2 420 840 0 0 0 0 0 67 
·OH 2 210 420 500 1000 1000000 0 0 20 
·CH2- 21 270 5670 0 0 0 0 0 338.1 
ON 20 20 800 800 640000 5000 5000 -9 
SUM 6950 1800 1640000 5000 416.1 16.70 3.08 
squared 278.98 9.47 
~t 17.33 
Table 37. Calculation of the solubility parameter of cocamidopropylbetaine modifier by the 
method of Hoflyzer-Van Krevelen. 
Ehix 
Groues Number (N) Fdi Fdi x N Fei Fei x N Fei"2 Ehi N V (Fedors) delta d delta e 
Jl12.cm3l2 JlI2.cm3f2 J/mol cm3/mol 
-CH3 3 420 1260 0 0 0 0 0 100.5 
-COOH 530 530 420 420 176400 10000 10000 28.5 
-CH2· 16 270 4320 0 0 0 0 257.6 
>NH 160 160 210 210 44100 31000 31000 4.5 
ON 20 20 800 800 640000 5000 5000 -9 
CONH. 450 450 980 980 960400 5100 5100 9.5 
6740 1820900 51100 391.6 17.21 3.45 
squared 296.23 11.87 
~t 20.94 
Table 38. Calculation of the solubility parameter of Cloisite 30B modifier by the method of Hoy. 
Sum Sum Sum Alpha bar 
Groul:!s Number Ft (FI) F~ (F~) della(P)t (d(P)1 V SumV (~) Ela ~I 
-CH3 2 303.5 607 0 0 0.022 0.044 21.55 43.1 
-OH 2 675 1350 675 1350 0.049 0.098 12.45 24.9 
·CH2· 21 269 5649 0 0 0.02 0.42 15.55 326.55 
ON 125 125 125 125 0.009 0.009 12.6 12.6 
SUM 7731 1350 0.142 407.15 0.27 3.52 19.67 
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delta 
h 
3.47 
12.02 
delta h 
11.42 
130.49 
Table 39. Calculation of the solubility parameter of cocamidopropylbetaine by the method of 
Hoy. 
Sum Sum Sum Alpha bar 
Grou~s Number Ft (Ft) F~ (F~) delta(P)t (d(P)t V SumV (~) Eta 
·CH3 3 303.5 910.5 0 0 0.022 0.066 21.55 64.65 
COOH 565 565 415 415 0.039 0.039 26.1 26.1 
-CH2- 16 269 4304 0 0 0.02 0.32 15.55 248.8 
>NH 368 368 368 368 0.0275 0.0275 11 11 
ON 125 125 125 125 0.009 0.009 12.6 12.6 
CONH· 1131 1131 895 895 0.073 0.073 28.3 28.3 
SUM 7403.5 415 0.105 391.45 0.21 4.76 
Table 40. Calculation of the solubility parameter of Cloisite 30B modifier by the method of 
Fedors. 
Groues Number (N) V NxV Fedors E NxE 
-CH3 2 33.5 67 4710 9420 
-OH 2 10 20 29800 59600 
-CH2- 21 16.1 338.1 4940 103740 
ON 1 -9 -9 4190 4190 
SUM 416.1 176950 
~t 20.6 
~t 
19.62 
Table 41. Calculation of the solubility parameter of cocamidopropylbetaine by the method of 
Fedors. 
Groues Number (N) V NxV Fedors E NxE 
-CH3 3 33.5 100.5 4710 14130 
-COOH 1 28.5 28.5 27630 27630 
-CH2- 16 16.1 257.6 4940 79040 
>NH 1 4.5 4.5 8370 8370 
ON 1 -9 -9 4190 4190 
-CONH- 1 9.5 9.5 33490 33490 
SUM 391.6 166850 
~t 20.6 
Table 42. Summary of the solubility parameters of PLLA and organoclay modifiers as calculated 
by various methods. 
Substance 
PLLA 
C30B 
CAB 
Solubility Parameter according to: 
Hoftyzer - Van Hoy 
Krevelen 
23.31 
17.33 
20.94 
21.28 
19.67 
19.62 
Fedors 
22.75 
20.6 
20.6 
By making this numerical analysis it can be seen that the selection of CAB as 
a candidate modifier is justified on a thermodynamic basis. 
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4.2 Betaine-PLA Interaction 
4.2.1 FTIR analysis of PLA-CAB and PLA-HCAB Cast Films 
Table 43. FTIR absorbance band assignments of PLA and PLA-CAB blends. 
Assignment Inten- Wavenumber, cm-' 
slty PLA PLA+CAB PLA+ HCAB 
CH3 Asymmetric M 2999 2997 2997 Stretch 
CH3 Symmetric M 2945 2945 2945 Stretch 
CH2 Asymmetric M 2928 2929 Stretch 
CH2 Symmetric M 2856 2856 Stretch 
C=O Stretch VS 1751 1751 1749 
C=O Stretch (amide) M 1645 1645 
CH3 Asymmetric S 1458 1456 1456 Bend 
CH3 Symmetric S 1388 1388 1388 Bend 
CH3 Symmetric S 1365 1365 1365 Bend 
CH Bend + COC 1278 1273 1271 Stretch 
coe Asymmetric 
Stretch + CH3 VS 1184 1166 1180 
Asymmetric Rock 
CH3 Asymmetric VS 1134 1132 1128 Rock 
COC Symmetric VS 1084 1082 1082 Stretch 
C-CH3 Symmetric S 1045 1045 1045 Stretch 
CH3 Rock + e·c M 964 962 958 Stretch 
C-COO Stretch M 873 873 871 
C=O Bend M 756 756 
The absorbance band wavenumbers and their assignments are given in Table 
43. These assignments are based on the work of Krikorian and Pochan 151. 
Figure 49 shows the spectra of PLA as cast from chloroform, PLA + 5% CAB 
and PLA + 5% HCAB focusing on the region 2500-500cm·1 while Figure 50 
shows the region 3500-2500cm·1 which is associated with C-H stretches in 
more detail. There are four regions of interest which are now discussed. 
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The PLA and the CAB both contain CH3 groups although in the PLA 
backbone the CH3 groups are attached to the backbone whereas in the CAB 
molecule the CH3 group is at the end of the alkyl chain thus representing 
slightly different environments. Thus the bands at 2997 -2999cm·1 and 
2945cm-1 represented the asymmetric symmetric stretches respectively 
Figure 50. The bands at 2928 and 2856cm-1 are due to asymmetric and 
symmetric stretching of the -CH2- group which is only found in the surfactant 
and the 2945cm-1 band is seen as a shoulder peak on these signals which are 
stronger than the CH3 stretch signals. There were no significant shifts in 
these bands indicating that the acidification of the surfactant had little effect. 
Carbonyl stretch signals are found in the region 1800-1600cm-1, In the PLA 
sample, the signal at 1751cm-1 is due to the C=O stretch of the carbonyl 
group and this signal is also present in the PLA-CAB (1751cm-1) and PLA-
HCAB (1749cm-1) samples. The PLA-CAB samples also show an amide C=O 
stretch at 1645cm-1 which is due to the amide group in the alkylamido chain of 
the CAB molecule and occurs at the same wavenumber in each case. 
The region from 1500 to 1000cm-1contains the bending and stretching bands 
associated with the C-H, -CH3 and C-O-C groups. The -CH3 asymmetric and 
symmetric bend signals occur at 1456-1458cm-1, 1388cm-1 and 1365cm-1 in 
all samples. 
In PLA alone the signal due to a combination of C-H bend and C-O-C stretch 
occurs at 1278cm-1 whereas in the PLA-CAB and PLA-HCAB samples the 
signal is found at 1273cm-1 indicating a lower bond energy. This might be due 
to the plasticising effect of the surfactant facilitating this molecular motion so 
that less energy is required, resulting in absorbance at a lower wavenumber. 
This trend is repeated in the signal due to (C-O-C asymmetric stretch + -CH3 
asymmetric rock) which occurs at 1184cm-1 in PLA but at 1166cm-1 in the 
PLA-CAB sample and 1180cm-1 in the PLA-HCAB sample and also with the 
signal due to C-O-C symmetric stretch which is found at 1084cm-1 in PLA 
alone and at a slightly lower wavenumber (1082cm-1) in the PLA-CAB and 
PLA-HCAB samples. 
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Signals due to backbone stretching and -CH3 rocking are found in the region 
of 960-830cm-1• The signal at 964cm-1 in PLA is due to a combination of CH3 
rock and C-C stretch and the wavenumber is also reduced in the PLA-CAB 
and PLA-HCAB samples. Crystalline samples 151 will also show a signal 
around 920cm·1 and this signal was absent in the samples studied. Signals 
due to C-COO stretching were found at 873-871cm-1 in all samples with no 
significant shift in wavenumber due to the presence of surfactant. Finally, a 
signal due to C=O bending was seen at 756cm-1 in the PLA-AB and PLA-
HCAB samples. 
The most interesting observation from these samples is the effect of the 
surfactant on the motility of the C-O-C backbone and some of the -CH3 
rocking motions which is surely due to the plasticising effect which effectively 
lubricates the molecules so that less energy is required to move them. 
To test the possibility of a reaction between acidified CAB (HCAB) and PLA, a 
specimen of the PLA+HCAB film was placed between two microscope slides, 
heated to 180°C and maintained at that temperature for 10 minutes to 
simulate the temperature condition of the PLA-organoclay melt in the Haake 
melt compounder. This trace is also shown in Figure 49. If there was any 
reaction between the two components of the film resulting in new covalent 
bonds, then it would be expected that new signals would be visible in the 
carbonyl region. The FTIR spectra of the unheated and heated films were 
essentially similar and it was concluded that there was no spectral evidence of 
a reaction in this case. 
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PLA-CAB Cast Films: Stretch Region 
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Figure 49. FTIR spectra of PLA and PLA-CAB solution cast films showing the stretching mode 
region. 
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Figure 50. FTlR spectra of PLA and PLA-CAB solution cast films showing the C-H stretch 
region. 
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4.2.2 DSC Analysis of PLA-CAB Films 
The first objective was to compare the thermal behaviour of acidified CAB 
(HCAB) prepared as described in section 3.2.1 with that of the as obtained 
CAB. The thermogram obtained for HCAB is shown in Figure 51. If this is 
compared to that of unacidified CAB, it can be seen that the series of 
endotherms has been replaced by one very broad endotherm with an onset 
around 35'C and a maximum at 122·C. In contrast to the unacidified CAB 
there was no exotherm on cooling. These changes must have been due to 
the acidification and not the drying process, which was identical for both 
samples and it is suggested that the protonation of the carboxyl group is 
responsible. It was previously noted that polymorphic transitions in fatty acid 
soaps are reversible which was not the case for two of the transitions 
observed with CAB and therefore unlikely to be related to the alkylamido 
chain of the molecule. This is therefore further confirmation that the low 
temperature transitions are related to the betaine group. 
Sample: Amphlsol CG acid vac70·C 
Size: 109000 mg 
Method lDP339 
Comment: 10'C/mln!O 180'C 
DSC File: C:\ta\Oata\DSOa0423c1 ,QOO Operator: ARMclauchlin 
Run Date: 23-Apr·0811:46 
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Figure 51. DSC thermogram of acidified CAB. 
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In this experiment, the PLA-CAB and PLA-HCAB samples were cast from 
chloroform solution; therefore a control sample of PLA was cast from the 
same. This is shown in Figure 52. The most noticeable effect of the casting 
was the depression of the first heat glass transition temperature (38'C) 
compared to that of the second heat (55'C). Although the films had been 
carefully dried under vacuum it is presumed that there was still sufficient 
residual chloroform to have a plasticising effect on the polymer, which needed 
to be taken into account when studying the behaviour of the PLA-CAB films. 
The film crystallised at 94 'C as shown by the exotherm on the first heat and 
melted at 150'C. There were no transitions during the cooling phase and 
during the second heat, crystallisation did not occur. 
A PLA specimen taken from a pellet did not show the first heating exotherm 
and also gave a slightly higher melting point of 154 'C while the glass 
transition temperatures of the first and second heats were significantly higher 
at 61'C and 60'C respectively, compared to the values for the PLA cast from 
chloroform. The PLA pellet also showed a very small exotherm at 118'C. 
Sample: Hycall PLA Cast from CHCI3 
Size: 130000 mg 
Method: 10mln 
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Figure 52. DSC thermogram of PLA film cast from chloroform solution. 
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To test the effect of CAB, in unprotonated and protonated form on PLA, CAB 
or HCAB were co dissolved with PLA in chloroform so that the final content of 
CAB was 1 %, 2% or 5% based on the weight of PLA. These solutions were 
then cast as films and analysed by DSC. Sample thermograms are shown in 
Figure 53 and Figure 54. It can be seen that both samples still showed a cold 
crystallisation exotherm and a significant melting endotherm with no events 
occurring on the cooling phase. The melting endotherm of the second heat 
was, however, more pronounced than that of PLA alone, indicating that the 
presence of CAB had an effect. The glass transition temperature of the first 
heat was again much lower and this was therefore considered to be an 
artefact of the preparation conditions. The temperatures for the second heat 
glass transition, cold crystallisation and first heat and second heat melts are 
shown in Figure 55, Figure 56 and Figure 57 respectively. The Tgs of the 
samples containing unacidified CAB were similar to those of the solution cast 
control and there was no obvious effect of concentration on the Tg. The 
acidified CAB, however, raised the glass transition temperature of the PLA, 
which was attributed to the effect of the protonated betaine group although 
again, the effect of concentration was not obvious. It is suggested that some 
interaction between the polymer and the protonated surfactant is responsible 
for this increase. If esterification had taken place then this would have 
increased the molecular weight of the polymer (100,000) very slightly as the 
molecular weight of the surfactant has been calculated at 351 thus the 
increase in molecular weight would only be about 0.3%. It is more likely 
therefore that the increased capacity for hydrogen bonding of the protonated 
surfactant for the polymer chain is responsible for the effect observed. 
Increasing the concentration of CAB tended to decrease the cold 
crystallisation temperature with the effect being more pronounced at the 
higher concentrations of protonated surfactant. A lower cold crystallisation 
temperature suggests that the polymer is more readily crystallised. One 
possible explanation is that the surfactant facilitated the crystallisation process 
by lubricating the polymer chains. 
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The melt temperature was not affected by the presence of the surfactant in 
either form. It has already been ascertained that the increase in molecular 
weight from an esterification reaction would be very small so an increase in 
melting temperature due to this alone would not be anticipated. 
The sharp endotherms after the melting endotherm of the 5% CAB treatment 
are due to volatile components escaping and this was confirmed by weighing 
the capsule after analysis where a weight loss of 5% was noted. For this 
reason, the enthalpies of the samples were not considered in this experiment 
because these are calculated on the original weight of the specimens. 
However, this did not preclude measurement of the actual temperatures of the 
events. 
Sample" 7118a 
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Figure 53. DSC thermogram ofsolution cast PLA film containing 5% CAB 
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Sample: 80401A 5% acid CAB 
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Figure 54. DSC thermogram of solution cast PLA containing 5% acid CAB (HCAD) 
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Figure 55. Glass transition temperatures of solution cast PLA films containing acidified and 
unacidified CAB. 
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Figure 56. Cold crystallisation temperatures of solution cast PLA films containing acidified and 
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4.3 Characterisation of CAB-Montmorillonite Organoc/ays 
4.3.1 DSC Analysis of CAB-Montmorillonite Organoclay 
To investigate the thermal behaviour of the experimental organoclay a 
specimen of organoclay 512B was analysed over the temperature range O°C_ 
200°C. The resulting thermogram is shown in Figure 58. The sample showed 
a broad endotherm with onset around 20°C and a minimum at 8rC. This 
thermogram is very similar to that of the acidified CAB as shown in Figure 51 
although the minimum occurs at a lower temperature compared to that of the 
acidified CAB which was 122°C. The series of small endotherms 
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characteristic of the unacidified CAB were not present and it is likely therefore 
that the thermal behaviour of the surfactant in the organoclay is more like that 
of the acidified form than the unacidified form. 
Sample: CAB MMT AM0512.1 
Size: 7.7000 mg 
Comment 10"CJmin 
DSC File: C:\ta'Data\OSC'Am0601.003 Operator: ARM 
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Figure 58. DSC thermogram of a CAB-montmorillonite organoclay (sample 512B). 
4.3.2 Thermal Gravimetric Analysis of Montmorillonite-CAB 
Organoclays 
Figure 59 shows the thermograms of Cloisite 30B and a CAB-mmt organoclay 
of similar interlayer spacing and organic content as shown in Figure 59. The 
thermograms showing the weight loss (W%) of the two materials both show 
an initial weight loss corresponding to loss of bound water. The differential 
plot (dW/dT) showed that this loss occurred at a higher temperature with 
CAB-mmt than C30B, indicating that the water was more strongly retained by 
the former material and it is suggested that this is due to the effect of the 
hydrophilic betaine group. 
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Figure 59. Thermal gravimetric analysis (TGA) of Cloisite 30B and cocamidopropylbetaine-
montmorillonite (CAB) organoclay 512B. 
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It has been shown in studies using TGA-MS that the organic component of 
alkylamine-modified clays begins to degrade around 180·C by Hoffman 
degradation of the quaternary ammonium group152. It was also stated that the 
onset temperature was independent of factors such as architecture (dimethyl 
et trim ethyl substitution on the quaternary group); exchanged ratio or 
preconditioning, such as washing. However, other studies have shown that 
impurities containing bromide decreased the thermal stability of 
alkylammonium organoclays and that removing these, led to an increase of 
degradation onset temperature of more than 100·C153. As it has been shown 
that weight loss around 155·C is due to water desorption 152, the onset 
degradation in this paper was defined as the temperature above 170·C, 
where dWt%/dT = O.025%rC. Using this criterion, the degradation onset 
temperatures of C30B and CAB-MMTwere very similar (Table 44). 
Table 44. Organic content and degradation onset temperature of commercial and experimental 
organoclays. 
Organoclay % Organic Component 
C30B 15.8 
CABmmt 16.8 
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Degradation Onset Temperature, ·C 
(dWtldT > 0.025%I·C) 
219 
217 
The differential trace of C30B shows two peaks between 200 and 400'C. It 
has been proposed that these peaks correspond to specific environments for 
the adsorbed surfactant 154 such that peaks at 270-290'C and 370-385'C 
represent decomposition of intercalated surfactant molecules and the 
surfactant cations, respectively. Using these criteria, it can be seen that the 
cationic group of C30B decomposes around 375'C, as shown by the strong 
peak, whereas in the case of CAB-MMT the peak was not evident at this 
temperature. However, the peak for CAB-MMT shows a shoulder which may 
correspond to a lower decomposition temperature for the betaine group. 
In order to determine the effect of surfactant loading on the thermal stability of 
the organoclay, a series of organoclays was prepared and then characterised 
by TGA and XRDA. In accordance with the findings of other workers, it was 
found that the basal spacing of the organoclay increased in a stepwise 
fashion 155.156, while the surfactant loading as indicated by the organic content 
increased in a steady asymptotic manner and this has been reported 
elsewhere 157. 
In Figure 60 it can be seen that the degradation onset temperature as defined 
above decreased with increasing organic content. A second order polynomial 
curve was fitted to the data with an ~ value of 0.94. A sample of Cloisite 30B 
run under the same conditions and subjected to the same criteria, showed an 
onset degradation temperature that lay within the experimental plot, indicating 
that the thermal stability of the commercial organoclay was comparable with 
that of an experimental clay of similar organic content. This relationship 
between organic content and degradation onset temperature accounts for the 
slightly lower thermal stability of CAB-MMT compared to C30B which has a 
slightly lower organic content. 
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Figure 60. Degradation onset temperature of cocamidopropylbetaine-montmorillonite 
organoclays as a function of organic content. 
4.3.3 X-Ray Diffraction Analysis of CAB-Montmorillonite 
Organoclays 
Experiment 1: Preliminary Trials 
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In this section are presented the results of the XRD analysis of the samples 
prepared as described in section 3.3. 
Figure 61 shows the XRDA diffractograms of the sodium montmorillonite, 
Cloisite 30B (the commercial organoclay) and sample 512A, which was the 
CAB-montmorillonite prepared using a surfactant: clay ratio of 5:1 by weight. 
Figure 62 shows the diffractograms obtained from all the CAB-
montmorillonites prepared using a ratio of 1.2:1 by weight. Table 45 gives the 
values for 2 theta recorded from the XRDA diffractograms and the 
corresponding basal spaces calculated from the Bragg equation. 
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Table 45. First order diffraction angles and derived basa l spacings for sodium montmorillonite, 
commercial and experimental organomontmorillonites. 
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Figure 61 . X-ray diffractograms of sodium montmorillonite, Cloisite 30R and CA B-
montmorillonite prepared with a high ratio of surfactant to clay. 
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Figure 62. X-ray diffractograms of CAB-montmorillonites prepared at a low ratio of surfactant 
to clay. 
The peaks all represent the basal spacing i.e. the distance between 
equivalent lattice layers in the si licate structure. The surfactant is not 
crystalline and therefore does not produce a diffraction pattern . The sodium 
montmorillonite and the Cloisite 30B gave diffraction traces showing a single 
peak, which indicates the purity of these preparations. The basal spacing of 
the sodium montmorillonite (1 .19nm) was very close to that given in the 
supplier's technical data sheet (1 .17nm), although lower than that of the 
sample used by Guo et al99 which was reported as 1.5nm. The basal spacing 
of the Cloisite 30B sample (1.81nm) was slightly lower than the figure of 
1.85nm given by the supplier, although a difference of 0.04nm can be ignored. 
Sample 512A gave two peaks and although a similar result was reported by 
Guo et al 98 the authors did not comment on this. To check that the minor 
peak was not a second order diffraction signal, the expected value for 28 was 
calculated for a basal spacing (d) of 4.02nm and n=2. This gives 28 = 4.400 
whereas the second peak value was 3.920 and therefore was not a second 
order diffraction signal. Two possible explanations for the second peak are: 
(a) a more compact conformation of the surfactant molecule or (b) partitioning 
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of the different chain lengths of CAB into two discrete populations of 
intercalated clay. 
The CAB-montmorillonite samples prepared with a 1.2:1 ratio of CAB to clay 
all had basal spacings very similar to that of Cloisite 30B, lying in the range 
18.0-18.4A. The CAB and HTA molecules both contain alkyl chains. While 
those of the HTA are predominantly C18 chains (65%), those of CAB are 
predominantly C12 chains (48%). However, if the structures are considered , 
in HTA the C18 is directly attached to the positive nitrogen atom whereas in 
CAB the C12 chain is attached via a propylamino unit giving an effective chain 
length of 16 units. Thus the two surfactant molecules effectively differ in 
length by two methylene (-CH2-) units . 
The basal spacing of organoclays does not increase steadily with increasing 
alkyl chain length and this was demonstrated in 194995 . Rather it was 
observed that the spacing in montmorillonite intercalated with alkylammonium 
species of carbon chain length 2 to 10, was constant at 1.35nm and then 
jumped to 1.75nm for chains of 12 to 20 carbon atoms. Thus the 
experimental results obtained in this study fit well with previously reported 
observations and thus it would be expected for Cloisite 30 and CAB-
montmorillonite to show similar basal spacings. 
In a separate study, Jordan 158 also demonstrated that the basal spacing 
increased stepwise with increasing organic content, so that the same spacing 
obtained over a narrow range of organic content before jumping to a higher 
value. This has also been reported more recently 1SS. 
Although only two spacings are reported in this study, analysis of the nitrogen 
content and the basal spacings shows that the two basal spacings found were 
due to different loadings of CAB, see Table 46. Furthermore , in the case of 
the experimental organoclay, although the surfactant loading increased 
threefold, the spacing doubled. Had the nitrogen contents been the same, 
then the different spacings could only have been due to different 
conformations of the surfactant molecule in the clay gallery. The possibility of 
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engineering different loadings of organic cation is significant in view of 
Ranade et a/159 , who found that increasing the quaternary ammonium levels 
of montmori llonite increased the degree of ordering in poly( ethylene 
terephthalate glycol)-montmorillonite nanocomposite films, giving higher 
tensile properties but with no effect on glass transition temperatures or 
birefringence. 
Tab le 46. Nitrogen co nt ents and basa l spacing of commercial and experimental 
organ oman t 010 rillo n itcs . 
Organoclay Basal Spacing Surfactant Content, 
nm mmol/100g clay 
512A 4.02 246 
512B 1.84 83 
Cloisite 30B 1.81 83 
The portion of 602B that floated during preparation had one of the lowest 
basal spacings (18.oA); therefore its lower density was not due to greater 
intergallery spacing . 
Experiment 2: Effect of Surfactant Concentration 
The X-ray powder diffractograms from experiment 1 are shown in Figure 63 
and the calculated basal spacings are plotted as a function of surfactant to 
clay ratio in Figure 64. It is seen in Figure 63 that treatment of the sodium 
montmorillonite with 0.2 to 0.8 times the clay CEC, increased the basal 
spacing from 1.1 9nm to give organoclays showing a sing le XRD peak 
equivalent to 1.4nm, attesting to the affinity of the clay for the betainic 
surfactant. At the ratio of 1:1 the clay sample showed two peaks 
correspond ing to basal spacings of 1.5 and 1.8nm. As the ratio was 
increased further to 2:1, the organoclay again became monodisperse with a 
basal spacing around 1.9nm. Samples obtained with ratios in the range 5:1 to 
16: 1 became bimodal and showed an additional lesser peak around 28=2 .3°, 
corresponding to a basal spacing of 3.9nm although the intensity did not 
increase greatly with increasing surfactant to clay ratio. These samples also 
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showed a second order diffraction signal at 29=9.5° corresponding to a basal 
spacing of 9.3nm. The second order signal for samples with a basal spacing 
of 1.4nm would be at 29=12.7". However, this was not seen in the XRD 
diffractograms. 
In Figure 64 it is seen that the basal spacing increased in a stepwise fashion 
with increasing surfactant to clay ratio. Thus there was an abrupt increase in 
basal spacing from 1.41 nm to 1.85nm over the ratio range 0.8 to 1.5. There 
was another smaller increase over the range 4: 1 - 6: 1 where the basal 
spacing increased to around 1.95nm. The major basal spacing did not 
increase beyond 2.0nm up to the maximum ratio of 16: 1 in this study. 
The observed results conform to the models described by Lagaly156. Thus in 
Experiment 1, spacings around 1.4nm correspond to the monolayer structure , 
(Figure 65a) while spacings corresponding to the bimolecular layer, (Figure 
65b) were not observed in any of the samples. The spacing of 1.85nm 
corresponded to the pseudotrimolecular layer, (Figure 65c) while the paraffin 
monolayer, (Figure 65d) was indicated by the basal spacing of 1.95nm. 
Although signals corresponding to the paraffin bilayer (Figure 65e) were 
observed , merely increasing the surfactant:ciay ratio did not generate a 
unimodal population with this basal spacing . 
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Figure 63. X-ray diffractograms of CAB-mont morillonite organoclays (Expt 2). 
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148 
Experiment 3: Effect of pH 
The XRD powder diffractograms are shown in Figure 66. By allowing the clay 
and surfactant to interact for a period before acidifying, samples were 
obtained whose XRD diffractograms indicated a mixture of two clay 
populations, one with a basal spacing of 3.9nm (28=2.24°) and another whose 
basal spacing appeared to vary with pH. At pH values of 3 and 4, this signal 
was at 28=4.76° (1.80nm), but at pH values of 5 and 6, the signal was a 
broader peak at 28=4.32° (2.0nm). Infra-red spectroscopic analysis of these 
samples, discussed in section 4.3.4, showed a signal at 1739cm-1 indicating 
the presence of undissociated carboxyl groups in the pH3 and pH4 samples, 
which was absent in the pH5 and pH6 samples. This is consistent with the 
idea of mutually repulsive negatively charged carboxyl groups giving rise to 
the wider spacing, whereas protonated carboxyl groups are more likely to 
associate through hydrogen bonding and give rise to the narrower spacing . 
Before the suspensions were acidified, the carboxyl groups were dissociated, 
as indicated by the pH range of these suspensions, thus rendering the 
surfactant molecules electrically neutral. 
Earlier reports on the intercalation of CAB into montmorillonite mention 
acidifying the surfactant to an unspecified pH prior to mixing with the clay 96 
and this is usual practice when working with alkylamines in the form of the 
free base 160. Although it might be anticipated that a dissociated, negative ly 
charged carboxyl group might hinder the uptake, these results indicate that 
greater uptake can result without acidifying the suspension. 
In this experiment, the spacing of 3.9nm corresponded to the paraffin bilayer 
structure, (see Figure 65e), while the increase in spacing from 1.8nm at pH 
values 3 and 4 to 2.0nm at higher pH values, indicated a switch from 
pseudotrimolecular arrangement to a paraffin type arrangement, that was 
determined by pH as all other factors were constant. 
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Figure 66. XRO traces of montmorillonite - cocamidopropylbetainc organoclays prepared at 
various pH values with a surfactant:clay ratio of8:1. 
Experiment 4: Effect of Delayed pH Adjustment 
X-ray powder diffractograms for this experiment are shown in Figure 67 , 
Figure 68 and Figure 69. The 29 values and their corresponding basal 
spacing are summarised in Table 48. 
In the third experiment, the clay and surfactant were allowed to react for 24 
hours before centrifuging, after which by separating the denser lower portion 
of the pellet (Sediment 1) from the upper, looser portion (Sediment 2), two 
sediment samples were obtained. These yielded quite different XRD traces. 
The basal spacing of the Sediment 1 samples increased from 1.4nm to 1.8nm 
when the ratio was increased from 1:1 to 2:1. The XRD diffractograms of the 
sediment samples from the 2CEC and 4CEC treatments, (see Figure 67) , 
showed the presence of two basal spacings. Sediment 2 samples showed a 
similar trend although the XRD diffractograms, (see Figure 68) of the 4CEC 
and 8CEC samples indicated the 2.1-2.2nm spacing as opposed to the 1.8nm 
spacing shown by the Sediment 1 samples. Second-order diffraction signals 
(29=8.02, 1.1 nm) were also clearly seen in samples 2CEC, 4CEC and 8CEC. 
The XRD diffractograms of the samples generated by precipitation from the 
supernatant, (see Figure 69) , indicated unimodal organoclays. The basal 
spacing increased with the surfactant to clay ratio , giving spacings of 1.43nm 
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(1CEC), 1.87nm (2CEC) and 4nm (4CEC and 8CEC). Sample 8CEC 
conta ined a small proportion of clay of basal spacing 1.3nm as shown by the 
signal at 28=6.78°. A th ird order signal, (8 .52°, 1.0nm) was also seen with 
this sample. The FTIR spectra of all the samples in this fraction showed the 
presence of undissociated carboxyl groups. The yie ld of clay also increased 
with increasing ratio (see Table 48) . 
Ta ble 47. Basa l spaci ng distances obtain ed by dispers ion and acid precipit at ion of 
montmori llonite-cocamidopropylbetaine suspens ions (Ex periment. 4). 
Ratio Sediment 1 Sed iment 2 Supernatant 
Diffraction d, Order Diffraction d, Order Diffraction d, 
angle, 29 nm angle, 29 nm angle , 29 nm 
1 :1 6.22 1.4 6.18 1.4 5.9 1.5 
2:1 4.96 1.8 4.82 1.8 4.74 1.9 
8.32 1.1 9.56 0.9 [002) 9.54 0.9 
9.68 0.9 [002) 
4:1 5.06 1.8 4.22 2.1 2.28 3.9 
8.02 1.1 [002) 4.34 2.0 
8:1 4.1 2.2 2.18 4.1 
8.02 1.1 [002) 4.22 2.1 
6.78 1.3 
8.52 1.0 
Table 48. Y ields of organoclay fract ions obtained by trea tment with un acidificd surfactant 
(Experiment 4). 
Yie ld, % 
Order 
[002) 
[002) 
[0021 
[003) 
Fraction Sed iment 1 Sedime nt 2 Supernatant Total % 
7030 14 28 5 47 
703E 12 37 27 76 
703F 6 27 51 84 
703G 0 24 51 75 
N.8 . Yield IS expressed as a percentage of the starting weight of clay. 
In this experiment, Sed iment 1 samples showed a conversion from 
unimolecular, (see Figure 65a) to pseudotrimolecular (see Figure 65c) 
arrangement, while the Sediment 2 samples showed spacings associated with 
paraffin type arrangement (see Figure 65d). The samples obtained by 
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precipitation from the supematant showed the paraffin bilayer (Figure 65e) 
arrangement with very little of the other arrangements present. 
It is known that alkylamine organoclays can disperse completely in water 
provided that the alkyl chains are sufficiently short, otherwise the interchain 
attractive van der Waals interactions are too strong ,ss. In the case of CAB, 
although the alkyl chains are twelve carbons or less, there are also a propyl 
chain and an amido nitrogen group effectively making a chain length of 
sixteen units, which would in theory give a strong van der Waals' attraction 
thereby preventing clay dispersion . However, the carboxyl group when 
dissociated will provide a negative charge which has a powerful dispersing 
effect by electrical repulsion of negatively charged groups. The carboxylate 
ion and polar amide group also attract water molecules, increasing the 
dispersive effect. These effects increase with surfactant concentration as 
evidenced by the increasing yield of organoclay precipitated from the 
supernatant by acidification . 
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Figure 67. XRD traces of Sediment 1 fractions obtained in Experiment 4. 
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Figure 68. XRD traces of Sediment 2 fractions obtained in Experiment 4. 
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Figure 69. XRD traces of montmorillonitc-cocamidopropylbctaine organoclays obtained by acid 
precipitation from supernatants obtained in Experiment 4. 
4.3.4 FTIR Analysis of CAB-Montmorillonite Organoclays 
For this section, the organoclays prepared in Experiment 3 were studied as 
these are considered to be of the most interest in view, of the different pH 
conditions used in their preparation. The spectra of the clays prepared in the 
pH range 2 to 5 are shown in Figure 70. FTIR spectra of CABMMT 
organoclays prepared at various pH values. 
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CAB had a carbon content of 51 .6% and a C:N ratio of 9.1, which is higher 
than the value of 8.3 estimated from a published analysis of coconut o i1 161 . 
The experimentally determined carbon content (51 .6%), was lower than the 
calculated value (67.4%). Inspection of the table in Append ix 1 shows that 
the lowest C:N ratio achievable is for a C8 chain (%C=63.3; %N=9.9; C:N= 
6.4) and that the ratio increases with increasing alkyl chain length . Clearly, if 
shorter alkyl chains are responsible for the lower C:N ratio, these were not 
indicated in the published data. The most likely explanation , therefore, is the 
presence of nitrogenous impurities such as 3-dimethylaminopropylamine and 
amidoamine, which are known to exist in CAB preparations and have been 
implicated as a cause of skin reactions to bodycare products containing 
CAB162 . 
Table 49. Elemental compos ition of organoclay samples ~lnd cocamidopropy lbcta in e 
surfactant. 
Sample Code Treatment 'IoC %H %N C:N ratio 
AM51 1 Cocamidopropylbetaine 51.6 8.8 5.7 9.1 
NaMMT Na+ montmorilionite 0.2 1.2 -0.1 NW 
CI308 Cloisite 308 18.5 3.6 0.9 21 .5 
512A CA8-MMT 5:1 Ratio 31.8 5.6 3.7 8.7 
5128 CA8-MMT 1.2: 1 Ratio , Large 15.8 3.1 1.8 8.6 
8atch 
60 1A CA8-MMT 1.2:1 Ratio, Small 14.9 2.9 1.7 8.9 
batch 
6028 CA8-MMT 1.2:1 Ratio , Small 15.3 3.0 1.8 8.4 
batch 
6028 u Floating part of 6028 15.5 3.0 1.8 8.4 
60281 Sinking part of 6028 15.0 2.9 1.5 9.8 
' Not calculated due to negative 'ioN 
Sample 512A was prepared with the highest concentration of CAB and gave a 
nitrogen content of 3.7%; all the other samples had nitrogen contents of 1.8% 
or 1.7%. Thus variables such as pH and preparation temperature had no 
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discernable effect. This suggests that the ratio of CAB to clay is the most 
important factor by which the loading of th e organoclay can be controlled . 
The nitrogen content indicates the absolute loading of CAB in the organoclay, 
assuming all the nitrogen is due to CAB and that there are 2 nitrogen atoms 
per molecule of CAB. On this basis the CAB contents of 51 2A and 512B can 
be calculated as follows: 
512A: 100g organoclay contains 3.7g nitrogen = 3.7/14.01 moles N 
Therefore the CAB content is (1000 x 3 .7 )/(2 x 14.01) 
= 132 millimoles CAB per 100g organoclay 
Now the mass of 132 millimoles of CAB is 351 x 132/1000 = 46.3g 
Therefore the mass of clay in 100g organoclay is 100-46.3 = 53.7g 
Therefore the loading of CAB onto the clay is 100 x 132/ 53.7 
= 246 millimoles per 100g clay (rounding to nearest whole number) 
512B: 100g organoclay conta ins 1.8g nitrogen = 1.8/14 .01 moles N 
Therefore the CAB content is (1000 x 1.8)/(2 x 14.01) 
= 64 millimoles CAB per 100g clay 
Now the mass of 64 millimoles of CAB is 351 x 64/1000 = 22 .5g 
Therefore the mass of clay in 100g organoclay is 100 - 22.5 = 77.5g 
Therefore the load ing of CAB onto the clay is 100 x 64 177 .5 
= 83 millimoles per 100g clay (rounding to nearest whole number) 
A sim ilar ca lculation for the Cloisite 30B sample can be carried out 
assuming one nitrogen atom per molecule and an alkyl distribution of 65% 
C18; 30% C16 and 5% C14133 for the hydrogenated tallowalkyl molecu le 
shown in Figure 71 . 
Cloisite 30B: 100g organoclay contains 0.9g nitrogen = 0.9/14 .01 moles 
N 
Therefore the HTA content is (1000 x 0.9) 1 14.01 
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= 64 millimoles HTA per 100g organoclay 
Now the mass of 64 millimoles of HTA is 361 x 64/1000 = 23.1 g 
Therefore the mass of clay in 100g organoclay is 100-23.1 = 76 .9g 
Therefore the loading of Cloisite 30B onto the clay is 100 x 641 76 .9 
= 83 millimoles per 100g clay (rounding to nearest whole number) 
C Il 1( 1I20 11 
I 
CII - N+-T 
.1 I 
1" 11 2(" 11 20 11 
Figure 7 1. Structure of the interca lating species in Cloisitc 30B (T = 65% e 18; 300/0 C I6 and 
5% C I 4). 
From this exercise, we see that sample 512B contained a similar loading to 
the Cloisite 30B sample and also that the experimentally ca lculated va lu e was 
close to that of 90me/1 OOg quoted by the supplier. Furthermore , 512A had an 
organic loading three times that of Cloisite 30B. 
157 
5 Results and Discussion: PLAlOrganoclay 
Composites 
5.1 Nanocomposites Prepared by Solution Casting 
This section presents the results of the characterisation of PLA-organoclay 
nanocomposites prepared by dissolving PLA and suspending the organoclay 
in separate volumes of chloroform, then combining these into one suspension 
which was stirred for 24 hours, before casting into Petri dishes and allowing 
the ch loroform to evaporate slowly. The organoclays used, were Cloisite 30B 
and the experimental organoclay 5128. 
5.1 .1 X-Ray Diffraction Analysis of Solution Cast PLA-Organoclay 
Nanocomposites 
The XRDA diffractograms are shown in Figure 72 and Figure 73. In the 
Cloisite30B/PLA composites, the signal due to C30B (29=4.88°, 1.81 nm) was 
evident in all three treatments, while a weak signal at 29=2.54 ° indicated that 
some intercalation had occurred , expanding the interlayer spacing to 3.48nm. 
In the CABmmtlPLA composites, the signal due to the organoclay (29=4.800. 
1.84nm), disappeared, while a strong signal at 29=2.16° appeared indicating 
expansion to 4.09nm. The strength of this signal indicated that there was a 
significant amount of intercalated and ordered nanoclay in the composite . 
Second and third order signals were also seen due to the strength of this first 
orde r signal. Therefore , the experimental clay is therefore highly compatible 
with the PLA in this system and is probably due to the chemical nature of the 
cocamidopropylbetaine molecule, which contains groups potentially capable 
of interacting with the PLA chains through hydrogen bonding . This is 
consistent with the findings of the solubility parameter calcu lations, described 
in Chapter 4, the results of which indicated that an organoclay based on 
cocamidopropylbetaine should show good compatib ility with PLA. 
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Figure 72. XRDA diffractograms ofC30B organoclay and PLAlC30B composites formed by 
solution casting. 
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Figure 73. XROA diffractogra ms orCAB-montmori llonitc orga noclay and PLA/CABmmt 
composites formed by solution cast in g. 
5.1.2 Transmission Electron Microscopy of Solution Cast PLA-
Organoclay Nanocomposites 
A TEM image of the nanocomposite obtained with 8% 5128 is shown in 
Figure 74. The layered structure of the tactoid can be clearly seen, showing 
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that an ordered , intercalated nanocomposite had been formed by the solution-
casting procedure. The distance between the layers was found to be 3.8-
4.0nm, which is in agreement with the d-spacing indicated by XRD (section 
5.1 .1 ). 
-50nm 
Figure 74. TEM image of PLNCABm mt in tercalated composite prepared by solution casting, 
viewed at lOOK magnification. 
5.1 .3 Thermogravimetric Analysis of Solution-Cast PLA-
Organoclay Nanocomposites 
The thermal stability of the composites was examined using TGA. The 
gravimetric thermograms of the 8% clay content nanocomposites are shown 
in Figu re 75 and the degradation onset temperatures are given in Table 50. It 
can be seen that in all cases, introducing a nanoclay increased the 
degradation onset temperature of PLA from 276°C. The highest onset 
temperature occu rred at 4% clay which is in agreement with the findings of 
other workersBO• The increase in the degradation onset temperature can be 
attributed to effects such as a decrease in permeabil ity due to the so-called 
'tortuous path' effect of the filler which delays the permeation of oxygen and 
the escape of vo lati le degradation products and also char formation 163. 164 In 
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addition, there may be thermodynamic effects arising from the presence of the 
filler, as it has been shown that the activation energy of thermal degradation 
of epoxy-clay nanocomposites increased with organoclay loading to a 
maximum around 6phr, decreasing rap idly at higher loadings up to 14phr99 
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Figure 75. Thermogravi metric analys is of PLA intercalated nanocomposites prepared by so lulion 
cast ing with Cloisite30B and CABmmt from chloroform. 
Tab le 50. Degradation onset temperature PLA and PLA/organoclay nanocomposites. 
Organoclay content, % 
o (PLA) 
2 
4 
8 
Degradation Onset Temperature, ·C 
C30B CABMMT (512B) 
276 276 
296 288 
310 305 
285 289 
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5.2 Nanocomposites Prepared by Melt Compounding 
This section describes the characterisation of a range of PLA-organoclay 
samples by various methods with the emphasis on X-ray diffraction analysis 
and transmission electron microscopy. These techniques were used to look 
for evidence of intercalation and exfoliation of the organoclay within the PLA 
matrix. 
5.2.1 Optical Microscopic Examination of PLA-Organoclay 
Nanocomposites 
The purpose of this examination was to compare the samples made by the 
one step mixing process with the masterbatch melt compounding process . 
For this comparison, samples from trials 3 and 6 were taken . In both trials, 
the processing conditions were : 170' C processing temperature; 10 min mixing 
time; 100 rpm rotor speed. In trial 3 the organoclay was Cloisite 30B, while in 
trial 6 organoclays C30B and experimental organoclay 512B were used to 
prepare nanocomposites containing 1%, 3% and 5% organoclay. 
Figure 76 shows the nanocomposite containing 3% C30B obtained in trial 3. 
It can be seen that the clay was well distributed in the form of particles, which 
were interpreted as being aggregates of undispersed clay. Figure 77 shows 
the nanocomposite of similar composition produced in trial 6 by the 
masterbatch method. By comparing this with Figure 76, it is obvious that the 
population of smaller aggregates was much less, from which it can be inferred 
that the masterbatch process was more efficient at dispersing the aggregates 
and dispersing the clay. By melt compounding at a higher filler concentration , 
more friction is created between the filler aggregates, so that these were likely 
to have been comminuted. It is suggested that the larger aggregates seen in 
Figure 76 are more resistant to this process and survive intact. Thus an 
improved distribution was achieved by use of the masterbatch process. As 
expected, the population of the aggregates was lower at 1 % filler level , as can 
be seen in Figure 77a, and greater at 5% filler, as can be seen in Figure 77c. 
162 
Overall , the nanocomposites made with experimental clay 512B showed 
higher populations of organoclay aggregates, compared to the C30B 
nanocomposites, suggesting that these were not so easily dispersed by the 
masterbatch mixing process . The most likely explanation for this is that 512B 
was oven dried and then ground by hand, whereas the commercial clay was 
prepared by spray drying and mechanical grinding. The latter process gives a 
much finer powder than that obtainable by hand. However, in the solution 
casting experiments, it was seen that 512B readily intercalated PLA in 
chloroform solution. The extent of intercalation as shown by XRD analysis 
was greater than for C30B. It must be remembered that the solution casting 
method allows more time for the clay to disperse in the solvent and this would 
partly account for the difference in behaviour of 512B in the two processes for 
preparing nanocomposites. 
Figure 76. Dark field optical micrograph (xIOO magnification) of PLA-C30B nanocomposite 
(3% C30B) prepared by melt compounding using the method of trial3 . 
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Figure 77. Dark field optical micrographs (dOO magnification) of PLA-C30B nanocomposites 
prepared by me lt compounding us ing the method of trial 6. a = 1% ; b=3 % ; c=5 % • 
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Figure 78. Oark fi eld oplical micrographs (x IOO magnification) of PLA-CABMMT (5 I2B) 
nanocompositcs prepared by melt compounding using the method of trial6. a= 1 %j b=3 % c=5%. 
S.2.2 XRDA Analysis of Melt-Compounded PLA-organoclay 
Nanocomposites 
Results 
The processing and XRD data are presented in Figure 79 to Figure 95. 
Trial No. 1 
In Trial No.1, the temperature was kept at 190°C and the rotor speed varied 
from 60 to 110rpm. In these runs, the temperature of the polymer melt (TM-
M1), initially dropped rapidly to a minimum of 160-165°C and then increased 
asymptotically so that a steady temperature was obtained at the end of the 
run, indicating steady state conditions (Figure 79) . Increasing the rotor speed 
increased the rate of the temperature increase, presumably due to faster 
distribution of the heat in the melt and this can be clearly seen in the three 
diagrams shown. The final melt temperature was SOC to 6°C higher than the 
set temperature as a result of the friction generated during processing. Thus 
at 60rpm, the final temperature was 2°C higher than the set point whereas at 
110rpm the final temperature was rc higher. The effect of the rotor speed 
on the final torque was negligible. 
The colour of all three samples was darker than that of unfilled PLA and all 
samples contained granules which were taken to be undispersed filler. In 
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addition, when discharging the mixer, patches of unincorporated filler were 
present on the rotors themselves, indicating that the distributive component of 
the mixing was non ideal. It appeared that the filler was adhering to the rotor 
surface during mixing and preventing the polymer melt from contacting the 
whole rotor resulting in islands of unincorporated filler. Clearly, increasing the 
rotor speed did not ameliorate this problem. 
The XRD spectra, (see Figure 80), showed that the peak due to the basal 
spacing of C30B (i.e. dotted line) disappeared and was replaced by two 
signals : one at 28=2.440 and another between 28=5.440 and 28=5.540. The 
signal at 28=2.440 was clear evidence that the basal spacing had been 
increased indicating intercalation of the polymer by the filler. Although it might 
be expected that higher processing speeds would give rise to greater 
shearing forces and therefore increased opportunity for intercalation, there 
appeared to be no clear effect of the processing speed on the intensity of the 
signal. The signal at 28=5.520 was not a second-order diffraction signal , as 
confirmed by calculation and was attributed to part of the filler collapsing due 
to a thermal effect. Initially, it was thought that this may have been due to 
insufficient drying of the nanofiller. However, it has been shown that this 
phenomenon occurred with samples which had been dried under more 
rigorous conditions 165 so this explanation is ruled out. 
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Figure 79. (Trial No.l ) Processing conditions of PLA-C30B co mposites processed at 190°C and 
10 minutes with different rotor speeds a=60rpm; b=8Srpm; c= IIOrpm. 
166 
71206M 
3 %C308 190° C 60rpm 10mln 
(a) '-----------------' 
71206N 
3 % C308 190 · C 8Srpm 10ml n 
:: \ 
1'- ~ 2.44 4.92 
::., "'~/;"'4 
~u .... . .... " ~. .~...,.., 
,- "-.,,' "--
........ ~,t., .. ~.~ ........ ..... .. ... . 
2 Th ••• 
(b) '-----------------' 
,,~ 
,-
HM 
80116F 
3°'00 0 8 19S oC 110rpm lOml n 
1 zoo 2.52 4.92 H. I.!\ /\ 
'- . \ f 5,54 
so \ "-' \... • ..'.A __ ---
.... ~ " ~ -~ _ ..... 
.... :";";, •.•••.• t:z • • • _, ... .. ...... .. 
) s 7 9 11 13 15 
, ~" (c) '---------------------' 
Figure 80. (Tr ial No. l ) XRO spectra of PLA-C30B composites processed at 190°C alld 10 
minutes wilh different roto r speeds a=60rp m; b=8Srpm j c= II Orpm. Dotted line = organoclay ; 
sol id lin e = compos ile. 
Trial No. 2: Effect of Rotor Speed 
In trial No. 2 the effect of using a lower processing temperature was 
investigated . The temperature of 175°C was chosen as it was 25°C above the 
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melting temperature of the polymer as determined by DSC so that the 
polymer should be sufficiently molten for effective processing to take place . 
To compensate for the lower process temperature, which could result in 
poorer distributive mixing , higher speeds were also used. At a lower 
temperature the polymer melt would have a higher melt viscosity and this 
should increase the shearing force on the filler. In accordance with this, the 
processing data for these runs, (see Figure 81), show higher final torque 
values than those obtained in trial No.1, although the rotor speed had little 
effect on the final torque value . The temperature behaviour of the polymer 
melts at this lower set temperature, differed to that at 190°C so that while the 
rate of increase of melt temperature increased with increasing rotor speed, as 
observed before, there was an additional phenomenon where the temperature 
increased to a maximum and then decreased towards the end of the run . The 
maximum temperature again increased with increasing rotor speed and the 
time taken to reach this maximum also decreased. The final temperatures 
increased with rotor speed although the differences between the treatments 
were not as great as those observed when the set temperature was higher. 
The composites formed in these trials were lighter in colour and although 
grains of filler could still be seen, the extent of speckling was less than that of 
the previous samples. Thus by using a lower temperature to increase melt 
viscosity and a higher rotor speed to increase the processing factor, the 
physical appearance of the composite had therefore been improved . 
The extent of intercalation as indicated by the XRD spectra (see Figure 82), 
was similar to that obtained in Trial No.1 . Increasing the rotor speed and 
therefore the mixing intensity, had little effect on the signal around 29=2.5°. 
The same phenomenon was also observed where some of the filler collapsed 
to a slightly narrower spacing . 
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Figure 81. (Tria l No.2) Processing conditions of I'LA-C30B composites processed at 170°C and 
10 minutes with differenl rotor speeds a = 100rpm, b = 120rpm, c = 140rprn. 
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Figure 82. (Trial No.2) XRD spectra of PLA-C30B composites processed at 170' C and 10 minutes 
with different rotor speeds a = IOOrpm, b = t20rpm, c = 140rpm. Dotted Hnc = organoctay; solid 
line = composite. 
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Trial No. 3: Effect of Processing Time 
In Trial NO.3 the effect of processing time was investigated. The time of 6 
minutes was selected because this was the time taken to reach the maximum 
temperature during processing at 100 rpm in Trial No.2. An extended time of 
20 minutes was also investigated and the results compared to those obtained 
with the 10 minute duration used so far. It can be seen in Figure 83 that the 
maximum melt temperature of 183°C was achieved around 6 minutes after 
which the temperature fell to 181 °C after 10 minutes and 180°C after 20 
minutes of processing. The torque value fell from 5.6Nm after 6 minutes to 
3.8Nm after 20 minutes. Other workers using a similar system have reported 
that the torque increased over a ten minute period; this increase being 
interpreted as evidence of exfoliation which increased the viscosity of the 
system. Thus the purpose of extending the processing time in this trial to 20 
minutes was to see if this phenomenon could be observed although this was 
found not to be the case . 
There was no visual evidence of improved dispersion of the filler as a result of 
increased processing time as grains were visible in all three samples. The X-
ray diffractogram, (see Figure 84) showed that the peak at 28=2.4 ° did not 
increase with the processing time increasing from 10 minutes to 20 minutes. 
Therefore , there was no advantage in increasing the processing time and this 
also showed that the 10 minutes processing time selected as the baseline , 
was va lid . 
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Figure 84, (Trial No,3) XRD spectra of PLA·C30B composites processed at 170°C and IOOrpm 
with different process times a=6min j b=IOmin j c=20min . Dotted line = organoclayj solid line = 
composite. 
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Trial No 4: Melt Compounding of CABMMT organoclays by the 1-step 
addition method 
The objective of this trial was to test the experimental CABMMT organoclays 
709A, prepared at high pH , and 709B, prepared at low pH. It is reasonable to 
assume that the high basal spacing of 709A indicates a higher load ing of 
surfactant, as was shown to be the case with the organociay 512A. While a 
wider spacing may imply a greater ease of interca lation, the presence of 
excess surfactant may have a negative effect on the processability. The final 
melt temperature and torque of the PLA-709A melt, (see Figure 85a), were 
182°C and 4.7Nm respectively and for the PLA-709B, (see Figure 85b), melt 
were 184°C and 6Nm respectively. Therefore , th e lower final torque of the 
709A sample can be attributed to the effect of excess surfactant having a 
lubricating effect on the melt. The 709B sample, which had a lower basal 
spacing, had a higher final torque than the 709A sample, even though the 
melt temperature was slightly higher which implied greater friction in the 
system. This could have arisen either from a coarser particle size or from 
stronger interactions between the surfactant and the polymer melt. 
The X-Ray diffractogram of organociay 709A, (see Figure 86a), shows a 
strong signal at 28=2.16°(4.1 nm) , with a lesser signal at 4.26°(2.1 nm). The 
large basal spacing was achieved by careful control of the pH during the 
organociay preparation. In the composite, the intensity of this signal 
increased and the peak was narrower, indicating a narrower distribution of 
basal spacing va lues. The smaller signal at 28=4.54°(2 .0nm) could therefore 
reasonably be regarded as a second order peak because of the intensity of 
the major peak. 
Organoclay 709B, which was produced by acidifying the ciay suspension 
throughout the preparation process, was readily intercalated by PLA in the 
melt. Thus shown in Figure 86b, the signal at 28=4.22°(2.1 nm) was replaced 
by a signal at 2.32°(3.8nm) and another at 4.86°(1 .8nm). Therefore , it can be 
concluded that this experimental organociay showed a similar capacity for 
intercalation by PLA as did Cloisite C30B. 
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Figure 85. (Tria l 4) Processing conditions of (a)PLA-709A and (b)PLA-709B composite 
processed at 170°C and IOOrpm for 6 minutes using the I-step addition method. 
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Figure 86. (Trial No.4) XRD spcclr. of (a)PLA-C30B and (b)CABMMT-PLA composiles 
processed for 10 minutes at 170°C and IOOrpm using th e I-slep addition melhod. Dott ed line = 
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Trial No. 5: Pre-Melt Method 
In previous trials it had been observed that some of the filler had adhered to 
the rollers and remained unmixed with the polymer. Therefore , the purpose of 
trial No. 5 was to see if melting some of the polymer onto the rollers improved 
the distributive mixing of the filler with the polymer. When the mixing chamber 
was opened up, there was no evidence that filler powder had adhered to the 
rollers. The processed material was noticeably less grainy than previous 
samples . The processing conditions plot, (see Figure 89) , showed that the 
final temperature and torque were identical to those obtained without 
premixing. The XRD spectrum, (see Figure 88), indicated that the degree of 
intercalation was similar and that the collapse of a portion of the filler still 
occurred, therefore this phenomenon was not a consequence of the filler 
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contacting the roller. When the freeze dried CABMMT (71207A) was 
processed with PLA, the polymer melt temperature increased to 192°C after 8 
minutes of processing before dropping to 191 °C before the end of the run . 
However, the final torque was similar to that of the C30B sample. If the two 
samples had the same melt rheological properties then the CABMMT sample 
would have had a lower melt viscosity at the higher temperature. As this was 
not observed, this wou ld indicate that the CABMMT-PLA melt had a higher 
melt viscosity for a given temperature, which is consistent either with the 
possibility of intercalation or exfoliation of the organoclay, or other stronger 
interaction of the organoclay with the polymer. 
The X-Ray diffractogram of the composite, (see Figure 88b), showed very 
clear evidence of intercalation . Thus the organoclay showed a peak at 
28=4.74° (1 .86nm) while the composite showed a strong extra peak at 
28=2.36°(3.74nm) . This latter peak was quite sharp , indicating a narrow 
range of interlayer spacing . Although the second peak at 2=4.88° (1 .81 nm) 
could be a second order peak, it is equally likely that it represents residual 
unintercalated organoclay. 
Thus it was seen from this trial that freeze-dried CABMMT was capable of a 
considerable degree of intercalation, which was consistent with the results of 
the solution casting experiments. 
The colour of the products was strongly influenced by the processing 
temperature and darkened with increasing temperature. Although processing 
temperatures in melt processing up to 200'C have been reported , in this study 
it was found that the temperature of 190'C led to a much darkened material. 
By contrast, a processing temperature of 170' C, which is about 20 'C above 
the melting point of the Hycai l PLA as measured by DSC, gave a much lighter 
coloured material, consequently a processing temperature of 170°C was 
adopted for the majority of the trials. 
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Figure 87. (Trial S) Processing conditions of (a)PLA-C30B and (b)PLA-71207A (CABMMT) 
composite processed at 170°C and lOOrpm for 10 minutes with I minut e prc-rnixing of the 
polymer prior to filler addition. 
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Figure 88. (Trial No.5) XRD diffractograms of (a)PLA-C30B and CABMMT-I'LA composites 
processed for 10 minutes at t70°C and 100rpm with pre-mixing of the polymer. Dotted line = 
orga noclay; so lid lin e = composite. 
The rotor speed was varied between 60 and 140 rpm. As the processing 
parameter increases exponentially with the square of the rotor speed , small 
increases in speed would be expected to improve the quality of the mixing to 
the detriment of the polymer. Thus the samples processed at 140rpm were 
very obviously degraded as shown by their dark colou r and the 'burnt' smell 
when the mix was discharged. 
Trial No 6 (Masterbatch Method) 
In trial no. 6, a masterbatch method was adopted in which a mix containing a 
much higher filler content, 20%, was prepared by the two stage mixing 
method previously described. It can be seen in Figure 89 that the final 
processing temperature of PLA alone was higher than any of the composites. 
The masterbatch had the lowest final temperature while those of the 3% and 
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5% composites were slightly higher. The fina l processing temperature of the 
1 % was between that of the PLA and the other composites. Thus it can be 
seen that the higher amounts of organoclay gave lower processing 
temperatures, but that the depressive effect had a maximum around 5% clay 
content. These observations can be explained by the lower fina l torque 
va lues of the composites where PLA had the highest value and the 
masterbatch and 5% had the lowest. Thus the effect of the organoclay in 
reducing the melt viscosity and consequently the melt temperature was clearly 
demonstrated. 
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Figure 89. (Trial 5) Processing conditions of PLA-C30B composite processed at 170°C and 
IOOrpm for 10 minutes us ing the mastcrbatch ( MlJ) method. 
The effect of the experimental organoclay 5128 was less clear as shown in 
Figure 90. The final processing temperature of the masterbatch was higher 
than that of pure PLA although composites containing 3% and 5% organoclay 
had slightly lower temperatures. These resu lts are shown in more detai l in 
Figure 91 and Figure 92, where the mean values of all the process runs are 
shown with the standard error of the mean. While the final torque and melt 
180 
temperature decreased with increasing amounts of C30B, the effect of 512B 
was more variable. It is suggested that this was due to the greater particle 
size of the experimental organoclay compared to that of the commercia l clay. 
Turning to the XRDA data , C30B was clearly intercalated by the PLA as 
shown by the increase in spacing from 1.79nm to 3.48nm, with a second 
order peak at 5.16° 2 theta (1 .71nm). The peak corresponding to 1.79nm was 
still visible in the final composites which suggested that some intercalated and 
ordered clay remained in these samples. The 512B samples showed a 
distinct collapse of the basal layer, which was probably due to the thermal 
effect mentioned previously. 
Finally, the XRD diffractograms for the PLA-808 nanocomposites prepared by 
the masterbatch method, (see Figure 106), showed that the organoclay had a 
basal spacing of 1.79nm, close to that of C30B, 512B and 71207A. The 
masterbatch showed a spacing of 1.43nm and the composites showed a 
spacing of 1.40nm, suggesting thermal collapse of the organoclay for the 
reasons already discussed. 
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figure 90. (Tria l S) Processing conditions of PLA-SI2B composite processed at 170°C ~lIId 
IOOrpm for 10 minutes using the mastcrbatch (MU) method. 
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Figure 93. (Trial No. 5) XRD spectra of PLA-20o;o C30B mastcrbatch processed for 10 minutes 
at 170°C and IOO rpm with prc-mixing of the polymer. 
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Figure 94. (Trial No. 5) XRD spectra of PLA-C30B composites prepared frolll mastcrbatch. 
183 
2000 
1800 
1600 
1400 
~ 1200 
Cl) 
c: 1000 Cl) 
-E 800 
600 
400 
200 
0 
2 
80703 
PLAl512B composites from Masterbatch 
3 4 5 6 7 8 
1% 5128 
3% 5128 
5% 5128 
5128 
9 10 11 12 13 14 15 
Diffraction Angle, 2 Theta 
Figure 95. (Trial No. 5) XR D spectra of PLA-S t 2B composites prepared from mastcrbatch. 
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Figure 96. (Trial No.7) XRD spect ra of PLA-808 nanocompositcs prepared by the m~lstcrbatch 
method. 
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5.2.3 Transmission Electron Microscopic Examination of Melt-
Compounded PLA-Organoclay Nanocomposites. 
The TEM images discussed in this section are shown in Figure 97 to Figure 
101. To aid reference, the provenance of the samples is summarised in Table 
51 . 
Table 51. Samples exa min ed by TEM , showing Ihe organoclay and mixing procedures used. 
Figure Sample ID Organoclay Processing Mixing 
Time (mini Procedure 
Figure 97 80222B C30B 6 1·stage 
Figure 98 80222C C30B 10 1·stage 
Figure 99 80222A C30B 20 1'stage 
Figure 100 80226A C30B 10 2·stage 
Figure 101 80226B 71207A 10 2·stage 
Figure 27 80222F 709A 10 1-stage 
Figure 28 80222D 709B 10 1-stage 
Figure 29 80307K C30B 10 Masterbatch 
Figure 30 80726K 512B 10 Masterbatch 
Figure 31 80917G 808 10 Masterbatch 
In Figure 97, the sample processed for 6 minutes is shown at 10K and 100K 
magnification. The image at 10K magnification showed that the organoclay 
was reasonably well dispersed within the polymer matrix. At this 
magnification , light and dark areas are visible which were mainly due to the 
sectioning process which can crease the specimen. A degree of orientation 
on the particles was visible which was attributed to the manner of harvesting 
the polymer from the mixer. After the mixer was stopped and the chamber 
was opened, the polymer tended to fall off the rotors under its own weight, this 
process arresting as the polymer cools and its viscosity increases. This flow 
can resu lt in the formation of thick strings of flu id polymer which in turn can 
cause the filler particles to become orientated by virtue of their high aspect 
ratio; rounder particles wou ld not be expected to show the same degree of 
orientation. At higher magnification , the clay can be seen as irregular stacks 
of tactoids and in the bottom two images of this figure, exfoliated organoclay 
layers can be clearly seen. Thus although the XRD diffractograms of these 
samples clearly indicated that there was much unintercalated organoclay, 
TEM examination showed that a degree of exfoliation had taken place. 
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In Figure 98, the effect of extending the mixing time can be seen. Again, 
unexfoliated tactoids can be seen at 10K magnification but at 100K 
magnification the population of exfoliated tactoids was again greater than the 
XRD results would imply. The bottom right image in this figure aga in shows 
how the platelets ca n assume a high degree of orientation. 
When the mixing time was extended to 20 minutes, (see Figure 99) , the 
degree and quality of dispersion were increased as indicated in the image at 
x10k magnification. At higher magnification , the population of exfoliated 
platelets had clearly increased and in the top right hand image, a tactoid can 
be seen whose edges were in the process of peeling further apart as a result 
of intercalation. Thus an increase in mixing time has led to an increase in 
both the quality of dispersion and the degree of exfoliation. 
By introducing a two stage mixing process where some of the polymer was 
pre-melted onto the rollers , thereby avoiding the unwanted effect of clay 
adhering to the rollers and remaining unmixed, it was hoped to improve the 
dispersion of organoclay in the polymer matrix. This was shown for C30B in 
Figure 100. At x10k magnification, a good dispersion of the organoclay can 
be seen and at x100k magnification again a good population of exfoliated 
platelets was achieved . The image at the bottom left shows two tactoids 
stacks in the process of exfoliation as the edges were clearly being separated, 
presumably by inclusion of the polymer. Thus the extent of exfoliation was 
increased either by increasing the mixing time or by adopting a procedure 
which avoided some of the clay remaining on the roller rotor. This is obviously 
undesirable for two reasons. The first , that unmixed organoclay is effectively 
wasted if not fully incorporated. The second, that it leads to the possibility of 
larger clumps of organoclay breaking free from the rotor, becoming embedded 
in the matrix and forming inclusions that could impair the mechanical 
properties of the composite, particularly the tensile properties . These results 
also showed that good exfoliation can be achieved without recourse to 
extending the mixing time which is a benefit to the polymer processors, as 
longer mixing times necessarily entail greater energy consumption. 
Therefore , it follows that when evaluating a new organoclay, the method 
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employed to combine the filler and polymer must be considered in as much 
detail as the processing conditions. 
Figure 101 shows the nanocomposite obtained by melt compounding 
organoclay 71207A, a CAB-montmorillonite under the same conditions as 
sample 80226A. Although this organoclay could not be milled to the same 
fineness as the commercial organoclay, nonetheless both a good distribution 
and a good degree of exfoliation were achieved as shown by the higher 
magnification images. The image at bottom right shows this particularly well , 
where an exfoliated platelet can be seen. It can be inferred from this last 
sample that the experimental organoclay was capable of good exfoliation 
under the melt processing conditions used. 
The micrographs of the nanocomposite prepared using 709A are shown in 
Figure 102. At x10k magnification a somewhat distorted filler particle can be 
seen although some smaller plate like tactoids are also visible . At higher 
magnification, it can be seen that the tactoids have become quite compressed 
which is consistent with the XRD diffractogram obtained, which indicated that 
the distribution of basal spacings of the filler had been narrowed . This, 
combined with the observation of final torque in the processing suggests that 
the excess surfactant is conducive to neither intercalation nor exfoliation. 
In contrast, a greater degree of dispersion was evident in the nanocomposite 
made with 709B, the organoclay prepared at a lower pH so as to give a basal 
spacing comparable with C30B, (see Figure 103). Although some 
compressed tactoids were present, there was a significant quantity of partly 
exfoliated clay platelets as can be seen at x1 OOK magnification. 
The greatest degree of exfoliation was seen with C30B using the masterbatch 
method of Trial 6 and this sample (80626K) is shown in Figure 104, where 
there is a large population of exfoliated platelets visible at both magnifications. 
The proportion of exfoliated platelets in the nanocomposite made with 512B, 
(sample 80703K) , is much lower by comparison, (see Figure 105), and at 
x100k magnification compacted filler particles are clearly visible. 
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From the microscopy and XRD data it can be seen that the masterbatch 
mixing method produced a good dispersion of organoclay provided that the 
initial particle size was favourable to dispersion. We can also see that excess 
surfactant can have a negative effect on dispersion and exfoliation . 
Both the experimental organoclays 709B and 71207 A was intercalated well by 
the PLA under the 1-step mixing procedure and the pre-mixing procedure. 
A final trial using a further batch of organoclay (808) prepared by the same 
procedure as 71207A is shown in Figure 106. This sample was prepared by 
the masterbatch procedure of Trial 6 and can therefore be compared with the 
nanocomposites prepared using C30B and 512B. Here it can be seen that 
the degree of exfoliation was considerably greater than had been obtained 
with 512B. These two clays differed only in their drying conditions, where 
512B was oven dried and 808 was freeze dried. Thus we can see clear 
evidence of the effect of drying conditions and processing on the behaviour of 
the nanofiller in the polymer melt. Furthermore, although the XRD data show 
that the basal spacing of the original organoclay had decreased from 1.79nm 
to 1.40nm, some exfoliation can nonetheless be achieved. As the solvent 
casting experiments showed that good intercalation of the CABMMT by PLA 
is feasible in low temperature cond itions, it is not unreasonable to suggest 
that further work on the the organoclay production and polymer processing 
would result in a more exfoliated nanocomposite. 
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Figure 97 .. (Tria l 3) Melt compounded I'LA+3% C30B processed at 170°C and 100rpm for 6 
minutes (sa mple 80222B) viewed at xlOk (top left ) and xlOOk magnifica tion. 
Figure 98. (Trial 3) Melt co mpounded PLA+3 % C30B processed at 170°C and 100rpll1 for 10 
minutes (sam ple 80222C) viewed at x I Ok (top left) a nd x l OOk magnification. 
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Figure 99 , (Trial 3) Melt compounded PLA+3% C30B processed at 170°C and 100rpm for 20 
minutes (samp le 80222A) viewed at . 10k (top left ) and . 100k magnifica tion, 
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Figure l OO, Melt co mpounded (2 sta ge) PLA+3% C30B processed at 170°C and 100rpm fo r 10 
minu tes (sample 80226A) viewed a t . 10k (top left ) a nd l OOk magnification, 
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Figure 101. (TrialS) Mell compounded (2 stage) PLA+3% CA 8MMT (7 1207A) processed at 
170°C and 100rpm for 10 minutes (sample 802268) viewed at xlOk (top left) and xlOOk 
magnification. 
Figure 102. (Tria l 4) Mell compounded PLA+3 % 709A processed at 170°C and 100rpm for 10 
minutes (samp le 80222F) viewed at x lOk (top left), x lOOk and x300k (bottom right) 
magnification. 
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-- 200 nm 
Figure 103. (Trial 4) Mcll compounded PLA+3% 709 B processed at 170°C and 100rpm ror 10 
minutes (sa mple 80222 0 ) viewed at x tOk (top left) and x l OOk mag nificatio n. 
Figure 104 . . (Tria l 6) Mell compounded PLA+3 % C30B (from mas terbatch) processed at 170°C 
and 100rplll ror 10 minutes (samp le 80626K) viewed at xlOk (top left) and xl OOk magnification. 
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.' igure 105. (Tria l 6) Melt compounded PLA+3% 5128 (from mast erbatcll) processed at 170·C 
and I OOrpm for 10 minutes (samp le 80703K) viewed at x lOk (top left) and xlOOk magnificatio n. 
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Figu r e 106. (Trial 7) Melt compounded PLA+3% 80gA (from masterbatch) processed at 170· C 
and 100rpm for 10 minutes (sa mple 80917G) viewed at xlOk (top left ) and x lOOk magnificll tion. 
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5.2.4 Dynamic Thermal Mechanical Analysis of PLA-Clay 
Nanocomposites 
The storage modulus, loss modulus and tan delta data for the 
nanocomposites are shown in Figure 107 to Figure 112. These show the 
temperature dependence of these properties over the range 20' C to 80·C, 
thereby including the glass transition temperature. All the samples show the 
expected decrease in storage modulus with increasing temperature, which is 
due to the increased thermal motion of the polymer chains , which reduces the 
capacity of the polymer specimen to store energy from the flexing process 
involved in the test. In Figure 107, it can be seen that the nanocomposite 
formed with C30B had a lower storage modulus than PLA alone whi le the 
nanocomposite formed with 71707 A had a higher modulus. Thus the 
reinforcing effect of the experimental nanoclay was greater than that of the 
commercia l nanoclay. The reinforcing effect was also seen in the nanoclays 
709A and 709B, (see Figure 110), where the reinforcing effect of the higher 
surfactant content organoclay (709A) was greater than the lower content 
(709B). The values for E' at -20'C, 20' C and 70'C are shown in Table 52 , 
where it can be seen that that 709A produced a 15% enhancement in storage 
modulus at -20·C relative to PLA. The increases in modulus found in the 
other two experimental nanoclays, (71207A and 709B) , were 8% and 5% 
respectively. These samples had similar surfactant loadings but 709A was 
oven dried whereas 71207A was freeze dried. 
Table 52. Storage modulus (E') at selected temperatures for PLA and PLA-orga noclay 
nanocomposites. 
Sample E' at -20·C E' at 20·C GPa E' at 70·C GPa 
PLA 4.39 3.39 0.02 
PLA/C30B 4.10 3.18 0.02 
PLA/71207A 4.75 3.62 0.02 
PLA/709A 5.05 3.85 0.02 
PLA/709B 4.62 3.61 0.02 
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From these results it can be concluded that the preparation cond itions had 
little effect on the solid state rheology of the samples whilst the surfactant 
loading had a more significant effect. 
From the TEM examination of the PLA-C30B and PLA-71207A 
nanocomposites, it was ascertained that the C30B nanocomposite showed a 
greater degree of exfoliation than the 71207 A nanocomposite . Thus it might 
be expected that that the C30B sample would show a higher storage modulus 
whereas that of the 71207 A nanocomposite was greater. A higher storage 
modulus implies enhanced stress transfer between filler and polymer. 
Therefore this would suggest that the CAB surfactant afforded better 
interaction between the matrix and filler and that the effect of this exceeded 
any improvement due to a greater degree of exfoliation . 
The positive effect of surfactant loading on storage modulus was also 
reported by Kalendova et al 166 who also noted along with Maiti et al 167 that 
the storage modulus also increased with increasing degree of exfoliation , so 
these experimental observations are consistent with the literature. It is also 
worth reiterating at this point, that mere inclusion of nanoclay into PLA matrix 
does not automatically increase the storage modulus, as has been 
demonstrated '2' where the storage modulus of PLA was reduced by addition 
of kaolinite and also organoclays based on benzyl ammonium compounds, 
even though these compounds were shown to be exfoliated . 
All the experimental nanocomposites showed a sharp drop in storage 
modulus at the glass transition temperature, (see Figure 107 and Figure 110), 
and in each case the modulus dropped to almost zero, (see Table 52), 
indicating that there was very little crystallinity in the nanocomposites to 
sustain any rigidity. Thus although the samples differed in their stiffness, 
there was little if any difference in the tendency to crystall ise after moulding . 
The temperature dependence of the loss modulus (E") for the samples is 
shown in Figure 1 08 and Figure 111 . The pure PLA and nanocomposite 
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made with 71207A, show similar temperature dependence, while the loss 
modulus of the nanocomposite made with C30B showed an earlier onset of 
increase. The nanocomposite made with 709B also behaved very similarly to 
pure PLA while the 709B showed an earlier onset of increase of loss modulus, 
again showing that the organoclays made with the same surfactant loading 
had similar effects on the solid state rheology. 
The temperature dependence of tan delta values for all samples showed 
similar trends to those reported by Ray l}l among others, whereby the values 
were higher after the glass transition than before although in this experiment 
the post glass transition values were not increased to the same extent. 
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5.2.5 Biodegradability of PLA Organoclay Nanocomposites 
The results are presented graphically in Figure 113 to Figure 116 where the 
specimen weight is shown as a percentage of the orig inal specimen weight so 
that va lues of less than or greater than 100% represent a weight loss or a 
weight gain respectively. Photographs of the samples at 39 and 47 days are 
shown in Figure 117 to Figure 119. 
The experimental design incorporated two controls: the low temperature and 
the absence of composting medium, thus air at room temperature represented 
the dual control while compost at 50 ' C represented the dual challenge to the 
specimens. 
In air at room temperature , can be seen that some samples appear to lose 
weight. If this regime is taken to be the least aggressive to the material , then 
the variations give some indication of the noise inherent in the experimental 
method. So although degradation might not be expected in this environment, 
it is nonetheless a useful control. In air at 50°C again it can be seen that 
there is very little change in weight of the specimens. When the samples are 
in contact with compost at room temperature it can be seen that a small 
increase in weight occurs in the first seven days after which the weights 
remain more or less constant. The PLAl3% C30B nanocomposite did appear 
to increase in weight slightly more than either the PLA or PLAl1 % C30B 
nanocomposite. 
The most obvious changes occurred in compost at 50°C. After seven days, 
the weight of the PLA sample had increased by 14% while those of the 1 % 
and 3% C30B nanocomposites had increased by 9% and 11 % respectively. 
Between 7 and 21 days, the weights of all samples changed very little after 
which time the weights of all samples increased up to 39 days. By the end of 
the experiment, the final weight increase of the PLA sample was 18%, while 
those of the 1 % and 3% C30B nanocomposites were both 112%. A t-test was 
conducted on the data for day 47 and showed that the weights of the PLA and 
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1 % C30B nanocomposites were significantly different (0 .01 <p<0.05) while 
those of the 1 % and 3% nanocomposites were not (p>0.05). 
The appearance of the samples was also affected by the presence or 
absence of organoclay filler. There were two important aspects to the 
appearance of the samples: the degree of fragmentation and the evidence of 
fungal growth. After 39 days, it was obvious that the samples had become 
more brittle and fragmented despite careful handling such that the degree of 
fragmentation of the 0% and 1% C30B samples was similar, while the 3% 
samples were much more brittle to handle so that the fragmentation was even 
more pronounced. After 47 days it could be seen that the fragmentation had 
progressed to the point that it was impossible to retrieve samples for 
weighing. 
Fungal growth was indicated by the development of a powdery appearance to 
the compost by day 39, followed by the definite appearance of mycelia in 
samples by day 47. This latter observation , along with the powdery 
appearance of 0% samples after 47 days, made it unlikely that the powdery 
appearance was due to clay being liberated from the composite during 
degradation. The powdery appearance at day 39 was very evident in two and 
slightly evident in one of the 3% C30B samples, while it was evident in two of 
the 1 % C30B samples and not evident in any of the 0% C30B samples. By 
day 47, the powdery appearance was evident in 4 of the 0% C30B samples 
although no mycelia were seen. By contrast, fungal mycelia were very 
evident in all the 1 % and 3% C30B samples. 
There is the question of why the fungal growth was more evident in the 
nanocomposite samples than in PLA alone. It is also interesting that the 
fungal growth was around the specimens rather than being confined to the 
specimens themselves. This may account for the lower mass of the 
nanocomposites in the high temperature composting whereby some of the 
lost mass of the specimens has become fungal biomass, the remainder being 
respired and possibly lost to the system as carbon dioxide. 
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The PLA being composed only of carbon, hydrogen and oxygen represents 
an energy and carbon supply while the nanocomposites, containing the 
quaternary ammonium compound, have a small but possibly significant 
nitrogen content. Although quaternary ammonium compounds have anti-
microbial properties, studies have shown that bacteria are much more 
susceptible to their effects than are fungi. As an example, a study carried out 
on domiphen bromide showed that the test strain of fungus, Trichophyton 
mentagrophytes, tolerated concentrations of this compound twenty times 
greater than the bacterium Staphylococcus aureus l 68. Therefore , it is 
suggested that the quaternary ammonium compound in the nanocomposites 
is present at a subclinical level, i.e. below that which would have an inhibitory 
effect on the fungus. 
The change in brittleness of the samples with time, gives us useful information 
about how the materials would behave in a composting environment where 
macro fauna such as earthworms and springtails were present. Unlike the 
micro fauna, these organisms are very motile and their passage throughout 
the composting medium would be expected to break up brittle samples , 
creating more edges in the process. The fragmentation might reasonably be 
expected to proceed to a point where the particles would be capable of being 
ingested by meso- and macro fauna and subjected to digestion. 
The initial change in weight is primarily an indication of the propensity of the 
samples to take up water from the composting medium. The uptake will 
depend on several factors , the main ones being the permeability of the 
substrate to water and also its surface energy: a high surface energy is 
conducive to a material being readily wetted by a polar liquid such as water. 
The permeability of the 1% and 3% samples is reduced by the presence of 
the organoclay, which will have introduced the so-called 'tortuous paths' into 
the polymer matrix which then slows the passage of water into it: this is the 
same mechanism that increases the thermal stability of nanocomposites by 
impeding the emission of charring products such as gases, as described 
elsewhere in this thesis. 
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6 Conclusions and Further Work 
A novel organoclay based on montmorillonite and cocamidopropylbetaine has 
been developed and tested for compatibility with poly(lactic acid). The 
properties of the novel organoclay (CABMMT) were compared with that of a 
commercia l organoclay, Cloisite 30B, which is known to have good 
compatibi lity with PLA. PLA-clay nanocomposites were prepared from the 
organoclay by two methods: solution casting and melt compounding. 
Nanocomposites were also prepared using C30B as a comparison . The 
nanocomposites were characterised by various methods to determine the 
extent of exfoliation and also to investigate their mechanical properties. 
First, the surfactant was characterised by optical microscopy, Fourier 
transform infra-red spectroscopy, differential scanning calorimetry, nuclear 
magnetic resonance spectroscopy and thermogravimetric analys is. 
Hot stage optical microscopy was used to study the behaviour of the 
surfactant over its melting range. It was found that the substance was 
heterogeneous and contained at least 3 components, one of which was not 
soluble in the molten surfactant and represented a minor component. The 
betaine internal salt nature of the surfactant was confirmed by FTIR. DSC 
analysis showed the material to have a broad melting range consistent with 
the surfactant comprising a mixture of alkyl chains. There were also 
indications of irreversible endothermic changes. Proton (1-H) NMR analysis 
confirmed the structure of the surfactant molecule . Carbon (13-C) NMR 
showed that the alkyl chain portion of the molecule comprised 5 components 
which were assigned to the known majority alkyl chains present in the parent 
coconut oil. The thermal degradation onset of the surfactant was shown by 
thermal gravimetric analysis to be around 212' C, which is a usefully high 
value for a surfactant and was attributed to the internal salt nature of the 
compound. 
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Calculation of the solubility parameter by various methods using data 
published in the literature indicated that CAB should show compatibility with 
PLA as good as , or better than , the modifier used in Cloisite 30B thus 
justifying the study of this surfactant. 
Second, the uptake of the surfactant was characterised by studying the effect 
of the starting concentration in the surfactant-clay suspension on both the 
surfactant content of the organoclay and its basal spacing . These were 
studied by elemental analysis and XRDA. 
It was found that whi le the surfactant content increased asymptotically to a 
maximum value, the basal spacing increased in a stepwise manner with 
increasing surfactant content to a maximum value of 3.8nm. The stepwise 
increase in basal spacing was attributed to the manner in which the surfactant 
molecules arrange themselves within the clay gallery to give a series of 
alignments, which were indicated by basal spacings consistent with models 
proposed by other workers. 
The surfactant content was calculated from the elemental analysis results and 
was found to be equivalent to that of Cloisite 30B. The carbon :nitrogen ratio 
of the organoclays was the same as that of the original surfactant, which 
implied that there was little, if any, preferential uptake of any of the 
components of the surfactant. 
It was also found that pH adjustment played an important role in the uptake of 
surfactant, such that higher pH values led to greater basal spacing of the 
product, although the yields were reduced as a result of more clay being 
dispersed so that less product was recoverable either by filtration or 
centrifuging . 
Third , an experiment was also conducted to look for thermal and spectral 
evidence of any reaction between the surfactant and the PLA polymer. This 
was done by co-dissolving the surfactant and the PLA in chloroform and 
casting into films, which were then heated to the typical processing 
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temperature of the polymer. DSC studies did not indicate any firm evidence 
of a reaction irrespective of whether the surfactant was in acid or alkaline 
form . FTIR spectra of polymer films taken before and after heating to 
processing temperature were very similar and did not show evidence of new 
bonds having been formed. 
Finally, nanocomposites of the novel organoclay and PLA were prepared by 
two processes: solution casting and melt intercalation. Solution casting was 
done by adding a suspension of the organoclay in chloroform to a solution of 
the polymer in the same solvent, stirring and casting into glass Petri dishes. 
These composites were examined by XRDA and TEM to look for evidence of 
intercalation and TGA to examine the effect on thermal stability. It was shown 
that intercalated nanocomposites had been formed by this technique as 
indicated by the appearance of a new X-Ray diffraction signal. The 
intercalated and ordered nature of the composite was confirmed by TEM and 
the degree of intercalation was greater than that found with C30B. The 
thermal stability of the composites was as good as PLAlC30B composites 
and, in the case of 8% clay content, the thermal stability of the CABMMT/PLA 
nanocomposite was better than that of the PLAlC30B composite. 
Nanocomposites were also prepared by melt-compounding PLA and the 
organoclay in a torque rheometer. A series of experiments were conducted to 
establish the best processing conditions for the Cloisite 30B and PLA used in 
this study. It was found that processing for 10 minutes at a temperature of 
170°C gave intercalated composites, which were later confirmed by TEM to 
contain exfoliated clay, although a portion of the organoclay existed in 
intercalated form as shown by XRD. Increasing the surfactant content of the 
organoclay did not necessarily increase the degree of exfoliation in the 
nanocomposite. It was subsequently found that the mode of addition of 
organoclay to the polymer was important and that a better method was to 
prepare a masterbatch containing 20% of clay and to dilute this down to 3% in 
the final composite to give composites with fewer large inclusions of 
undispersed clay compared to those made by adding the clay directly at 3% 
addition . The method of preparation of the organoclay had a very significant 
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effect on the degree of intercalation that was obtained where it was found that 
the freeze-dried sample was more readily intercalated, and to some extent 
exfoliated, than the oven-dried organoclay. 
PLNCABMMT nanocomposites were then prepared by melt-compounding 
using the processing conditions that were found to be optimal for producing 
PLNC30B nanocomposites using the torque rheometer in this study. These 
new nanocomposites were also characterised by XRD, TEM, DSC and DTMA 
and compared with the PLNC30B nanocomposites. 
XRD analysis showed that intercalated nanocomposites can be formed using 
the novel organoclay. In some cases, the basal spacing of the organoclay 
was seen to collapse; a phenomenon which has been reported elsewhere and 
generally attributed to thermal degradation of the modifier. DSC studies 
indicated that the new nanofiller and the commercial nanoclay had different 
effects on the crystallinity of the PLA matrix polymer and these differences 
could be accounted for by considering the different chemistries of the two 
surfactants. The effect on the glass transition temperature was small. 
Dynamic thermal mechanical analysis indicated that the storage modulus of 
the composites was slightly greater than that of pure PLA. This was attributed 
to the presence of the clay itself which had a small stiffening effect on the 
polymer. Significantly, these improvements in crystallinity and storage 
modulus occurred with an intercalated ordered nanocomposite, which 
indicated that full exfoliation need not take place in order to achieve 
detectable improvements in mechanical properties. 
The degradability of pure PLA and PLNC30B nanocomposites made by melt 
intercalation, was studied by incubating specimens in either air or compost at 
both room temperature and at 50°C. Degradability was followed by 
measuring the weekly weight change over 47 days. It was found that the 
composites lost significantly more weight in the latter part of the test period 
than the pure PLA. 
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Most significantly it was found that the degree of microbial colonisation was 
greater in the clay-containing composites than pure PLA. This colonisation 
was manifest as hyphae, which were very evident in the vicinity of the 
specimens and to a lesser degree on the specimens themselves . 
Through a combination of theoretical considerations, bench top experiments, 
and processing trials, this work has produced a great deal of information 
about the properties and potential of a new organoclay which should be of 
interest, not only because of its purely plant and mineral origin but also 
because it has considered the special chemical properties of the surfactant. 
There is therefore scope for further work. 
One area of work would focus on the chemical nature of the surfactant and 
further characterisation of the organoclay by methods such as contact angle 
measurement and scanning electron microscopy. As the molecule contains 
an amide group it would be interesting to evaluate the CABMMT in 
combination with polyamides, which contain the same functional group and 
could therefore be compatible . Another possible investigation would be to 
prepare CABMMT without acidifying it and compare its properties with the 
acidified organoclay. By doing this, the role of the betaine group could be 
further elucidated, particularly with respect to thermal stability. 
A suitable protocol for melt compounding to produce intercalated/exfoliated 
PLAlCABMMT nanocomposites has been established. This will enable the 
next important logical step to this subject, which is a detailed study of the 
physical and mechanical properties of melt-compounded samples so as to 
assess their potential as novel PLA nanocomposites. DMTA showed that the 
CABMMT enhanced the stiffness of the PLA to a greater degree than C30B 
used as a comparison, although it was not exfoliated to the same extent as 
the C30B. This suggests that some factor other then dispersion of the filler 
was responsible and it is suggested that the chemistry of the CAB played an 
important part. A useful way to test this would be to perform the mechanical 
testing on intercalated/exfoliated PLAlCABMMT nanocomposites produced by 
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the masterbatch method. Scaling up the organoclay production would enable 
twin-screw extrusion trials to be made. 
The biodegradation study showed that the degradation of PLA was enhanced 
by the addition of organoclay. It would be interesting to evaluate the influence 
of other nanofillers on the biodegradation of PLA. For example, PLA-
hydroxyapatite (a form of calcium phosphate) nanocomposites are well known 
in the biomedical field . Phosphorous is a limiting nutrient in many terrestrial 
ecosystems and certain fungi have roles as scavengers for this element. 
Would the presence of phosphate in PLA enhance its degradability? 
The literature review of this thesis includes a discussion about natural fibre 
fillers for PLA, although it was decided to pursue the CAB-based organoclay 
on the grounds of novelty. The melt compounding trials showed how 
important the processing and material preparation procedures were to the 
distribution and dispersion of the nanofiller in the matrix polymer. One of the 
barriers to achieving a well dispersed cellulose-PLA nanocomposite is the 
tendency of the cellulose particles to aggregate. It might be beneficial to the 
study of PLA-cellulose nanocomposites to apply the experience gained by 
preparing PLA-organoclay nanocomposites and to extend the processing 
studies to the former. 
In conclusion , this study has demonstrated that CAB can be used to 
manufacture organoclays that confer useful improvements in the properties of 
PLA in terms of thermal stability and mechanical strength and on this basis 
merits further study. It has also provided new information about the chemical 
and physical nature of these organoclays. Finally, it has also shown that 
organoclays based on CAB are a useful addition , for scientific and technical 
reasons, to the organoclays currently known. 
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